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Spot-Beam Annealing of Thin Si Films
Ruobing Song
This dissertation documents the development and demonstration of a new laser crys-
tallization process called spot-beam annealing (SBA). The SBA method is a partial-
melting-based laser-annealing method, which converts as-deposited amorphous Si
films into high-mobility TFT-enabling polycrystalline films.
SBA builds on the thermally additive utilization of multiple short-lived low-energy
ultra-high-frequency pulses, achieved via substantially overlapped scanning of a small
spot beam to incrementally and gradually heat and partially melt the beam-irradiated
region. After a brief review of other laser crystallization technologies, the conceptual
framework for the SBA process is introduced, and various possible implementation
schemes and development paths are discussed. In the present work, the SBA method
is implemented using a new class of ultra-high-frequency (> 100 MHz), low-pulse
energy (< 1 µJ), short-pulse-duration (< 1 ns) UV fiber lasers.
The first half of the thesis (chapters 4 and 5) presents, the simulation- and
calculation-based studies of the SBA process. A simple but relevant one-dimensional
thermal analysis identifies the “dwell time” (associated with the overall intensity
temporal profile defined by the collection of those pulses that irradiate a point in the
film) as a key SBA parameter. Provided that a sufficient number of multiple shots
are involved in irradiating the point in the film, this parameter dictates the overall
thermal and transformation cycle of heating, primary melting, and solidification that
enables the ultra-short-pulse-based SBA method to mimic the physical conditions
encountered previously only using pulsed lasers with pulse duration in the range of
tens to hundreds of nanoseconds; the precise range needed for optimally generating
laser-annealed polycrystalline materials on glass and plastic substrates.
Additionally, we also identify and examine an important differentiating feature of
the SBA method, namely the highly transient temperature spikes that arise from the
individual pulses incident onto a point on the film during overlapped scanning. By
simultaneously considering the preliminary experimental results that are presented
in this thesis (chapters 6 and 7), we suggest that these periodic temperature spikes,
the specific degree of which depends on the temporal profile and energy density of
individual pulses, can potentially play a key role in dictating certain important de-
tails of melting and solidification transitions encountered in SBA. In particular, we
identify and elaborate on how the temperature fluctuations can affect how explosive
crystallization of a-Si films is manifested in a different manner than has previously
been observed. In addition, we point out how the fluctuations can control the degree
to which the melting scenarios in SBA can deviate from the grain-boundary-melting-
dominated 2-D transition scenario (as for instance encountered in pulsed-laser irradi-
ation of columnar-grained polycrystalline films), where lateral melting is exclusively
initiated at grain boundaries and propagates predominantly laterally into the super-
heated and defect-free interior of the grains.
In the second half of the thesis, the experimental results that are obtained from
a recently constructed research SBA system are presented, characterized, and evalu-
ated. Specifically, the examination of single-scan and multiple-scan exposed Si films
conducted using OM, AFM, and TEM material characterization techniques reveals
that the method is capable of not only generating uniform polycrystalline Si films
consisting of ordered grains with tight grain-size distribution around the beam wave-
length, but it can furthermore be configured to produce polycrystalline films with
an enhanced level of ordering as manifested in the films with a highly parallel ridge
(HPR) pattern.
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Over the past twenty years, the pulsed-laser-annealing-based low-temperature poly-
crystalline Si (LTPS) technology has established itself as the method for manufactur-
ing high-resolution LCDs and AMOLED displays. Currently, the LTPS field is un-
dergoing an additional growth phase as the demand for advanced AMOLED displays
with various value-added features is increasing. In order for the LTPS technology
to address and benefit from these application-driven opportunities, it can be argued
that the underlying laser crystallization method should be improved specifically by
(1) reducing the operating costs associated with the laser-processing step, and (2) en-
hancing the microstructural quality of the crystallized polycrystalline Si films so that
laser-mura-free (i.e., highly uniform) AMOLED displays can be easily and readily
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fabricated.
The value of the LTPS technology comes from two enabling attributes associ-
ated with the technology: (1) the material it produces, and (2) the manner in which
the material is produced. Excimer laser annealing (ELA) produces distinct uniform
columnar-grained polycrystalline Si films with sufficiently large grains, which, in turn,
enables one to fabricate stable high-mobility TFTs that are well matched for mak-
ing the aforementioned products. In contrast, a-Si as well as other TFT materi-
als (e.g., zinc oxide) have issues of lower stability and mobility that prevent these
materials from being considered as viable competitors for the all-important high-
resolution AMOLED products. Equally important are the processing characteristics
through which the material is generated. While the ELA process requires heating-
and-cooling with local temperature necessarily rising above the equilibrium melting
point of Si, it still has to be compatible with high-temperature intolerant glass, plas-
tic, or glass/plastic-composite substrates. This substrate compatibility is an essential
requirement in manufacturing of these modern display products.
In order to keep up with the increasing resolution demand expected of future
displays, the size of TFTs is expected to continuously decrease. Such a reduction
in the size of the devices will commensurately and inevitably lead to a demand for
materials that are even more microstructurally uniform than those attained via ELA
up to this point. At the same time, this must be accomplished while maintaining a
reasonable grain size for satisfying the high-device-mobility requirement. Note that
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the random high-angle grain boundaries present in all polycrystalline materials can
be identified as the main intrinsic culprit (i.e., the primary microstructural defect)
that leads to the deterioration of TFT performance characteristics.
1.2 Motivation
The motivation of the present thesis is two-fold: (1) to address the current and future
laser-crystallization-related technological needs by developing a new fiber-laser-based
spot-beam-annealing (SBA) crystallization method, and (2) to investigate and iden-
tify noteworthy phase transformation-related phenomena as revealed and encountered
in this new melt-mediated laser-crystallization method (i.e., find and examine those
fundamental-level melting and solidification transition-related details that may be
generally applicable and relevant to other discontinuous phase transitions transpiring
in condensed systems).
Excimer laser annealing (ELA) process has been developed, refined, and optimized
over the past twenty years for manufacturing high-quality p-Si films with sufficiently
uniform and unusually ordered polycrystalline microstructure to meet the increasing
demands of AMOLED displays. ELA is a multiple-pulse-per-area partial-melting-
based laser-crystallization process [6]; it converts an as-deposited precursor a-Si film
typically on a glass substrate into a polycrystalline material consisting of columnar
grains of sufficient size and uniformity. When the as-deposited a-Si film is first ir-
radiated, a-Si film undergoes a rapid melt-mediated conversion into a very defective
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small-grained p-Si film via a particular three-phase-involving transformation mecha-
nism known as explosive crystallization [9]. Once crystallized, the subsequent, addi-
tional, and numerous shots irradiate small-to-medium-sized polycrystalline material
consisting of columnar grains, causing partial melting and resolidification [10, 11].
When executed within a small optimal processing parameter window, each successive
shot leads to controlled and incremental enhancements in the average grain size and
the overall uniformity of the polycrystalline microstructure.
The incrementally manifested change and evolution in the microstructure of this
partial-melting-based laser-crystallization process (which takes place near the complete-
melting threshold) makes the final resulting microstructure of the material extremely
sensitive to the incident energy density and, therefore, the fluctuations and varia-
tions in the experimental parameters. For example, such situation is encountered in
ELA due to the unavoidable fluctuations in the pulse energy; this leads the large-
line-beam-based ELA method to a well know problem of eye-detectable display non-
uniformity problem known as “shot mura” associated with large-scale microstructural
non-uniformity present in the laser-crystallized polycrystalline Si film. Additionally,
in order to deliver a relatively uniform laser energy deposition with a top-hat-shaped
beam profile, multi-lenslet type of optics are used to shape the relatively incoherent
(i.e., high-M2 ) excimer laser beam to 1.5 m by 0.5 mm in size, which in turn, un-
fortunately, creates sustained large-scale beam profile with hot spots and cold spots
that is manifested in the final displays as “scan mura”. As well, excimer gas tubes are
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frequently and periodically changed in order to maintain a relatively stable and high
power delivery. The aforementioned excimer-laser-system-related factors lead to the
two inherent ELA issues: (1) high operating costs associated with the process, and
(2) the large-area-beam-induced “laser mura” patterns on the AMOLED screens.
We suggest that one approach to improve the situation is to move beyond the use
of excimer lasers, and explore the possibility of leveraging an emerging state-of-the-
art ultra-high-frequency low-M2 UV high-power fiber laser as the light source. This
particular laser technology has the potential to provide substantially lower operating
and maintenance costs per watt, but also inevitably possesses the pulse and beam
characteristics and specifications (e.g., ∼1µJ ultra-low pulse energy, very short sub-1
ns-pulse duration, ultra-high ∼ 100s of MHz pulse frequency, and high coherent (low
M2) beam) that unfortunately make these fiber lasers extremely ill-suited for being
incorporated into the existing and established line-beam-based laser-crystallization
schemes (as, for instance, utilized in ELA).
The SBA method accomplishes the task of addressing the above issues and chal-
lenges in a simple and effective manner. This is accomplished in SBA by executing
sequentially overlapped irradiation of the Si film via rapid scanning of a small spot
beam (∼10 µm). By substantially overlapping the spot beam for sequential pulses
during the scan, it becomes possible to use multiple temporally isolated and spatially
translated pulses to incrementally heat up and induce essentially a single primary
“melting-and-solidification” cycle of the “small-and-confined” region over tens to hun-
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dreds of nanoseconds (the very temporal range needed for optimal crystallization of
Si films on glass or plastic substrates) in a quasi-continuous manner throughout the
scan. Depending on the value of deposited energy density, it is possible to either
partially or completely melt the irradiated area. Doing so in a raster-scanning man-
ner with an appropriate stepping distance between these spot scans (in the direction
perpendicular to the spot-beam scanning (i.e., “line”) direction) should lead to, re-
spectively, either ELA-like partial-melting-based crystallization, or SLS-like localized
complete-melting based directional crystallization.
One of the main benefits of the SBA method corresponds to the enhanced “aver-
aging effect” that can substantially reduce the mura problem in the SBA-generated
polycrystalline materials. Owing to the use of a small spot beam, any fluctuations
and variations in deposited energy over the irradiated film that can arise due to
various system-specification-related shortcomings (e.g., optics-related imperfections,
laser power fluctuation, etc.) substantially reduced so as to make the aforementioned
muras become less noticeable.
1.3 Organization of the Thesis
The remainder of this thesis is organized into eight chapters. With references, a
bibliography is at the end of the thesis.
Chapter 2 “Background” provides an overview of various crystallization methods
and fundamental phase transformation mechanisms in the laser-induced crystalliza-
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tion process. It also contains a short review of the most relevant and recent discovery
of melting initiation and propagation in partial-melting mediated crystallization pro-
cesses.
Chapter 3 “Spot Beam Annealing” introduces and describes the SBA system setup
and key system components that are critical to the process implementation, and
discusses the spatially and temporally overlapping scheme and the pulse averaging
principle behind the SBA process, which is the main subject of this work.
Chapter 4 “1-D Numerical Thermal Analysis of SBA” presents a point-based
simulation of SBA, namely, the average thermal and phase transformation response
of a point in the irradiated film under spot-scan laser beam irradiation. The exercise
identifies “dwell time” as being an important parameter that dictates the overall
heating, melting, and solidification cycle experienced at the point in the film, and the
individual-pulse-induced temperature spikes as a differentiating and transformation-
affecting characteristic when compared to the conventional pulsed-laser annealing
methods (e.g. ELA).
Chapter 5 “Gaussian Line Beam Analysis” presents a line-based numerical anal-
ysis. This analysis connects and treats the single-spot-scanned area of SBA as being
equivalent to a Gaussian line-beam irradiation case. We identify how the energy
utilization efficiency for crystallization using a single Gaussian beam will be limited
and low, and show how the efficiency can be substantially improved by using a beam
consisting of double and triple Gaussian beams.
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Chapter 6 “Spot-Scan Crystallization of a-Si Films” examines a fundamental and
unavoidable topic of relevance to SBA: how melt-mediated crystallization of a-Si films
is manifested in spot-scan crystallization of this metastable material. The width
of, and various microstructural feature within, the crystallized area are examined.
By examining the microstructure of crystallized films, it is suggested that explosive
crystallization of a-Si films is manifested differently than what has been observed
previously. This difference is attributed to the temperature fluctuation associated
with the SBA process.
Chapter 7 “Partial-Melting of Planarized Columnar p-Si Films” introduces a novel
experimental technique to study the intrinsic melting behavior of nearly perfectly
flat columnar-grained polycrystalline films (obtained via CMP (chemical-mechanical
polishing) of ELA generated p-Si films). Specifically, it shows how melting initiates
and propagates under a uniform temperature field without the influence of grain-size-
scale hot and cold spots, which are normally caused by laser-induced periodic surface
structures(LIPSS) naturally formed during ELA. It is found that, at least under these
idealized and simplified conditions, there exists a tendency for a spot-scan induced
melting scenario to deviated from predominately 2-D melting scenario (involving full
melting of grain boundaries) to a more 1-D melting scenario involving surface melting
of intragrain regions.
Chapter 8 “SBA of Si Films” presents the preliminary results obtained from
multiple-scan SBA processed Si films generated using a recently realized experimental
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system. The resulting materials are microstructurally examined and quantitatively
analyzed and compared with ELA materials. We conclude that the SBA method can
indeed provide ELA-like materials, as well as being capable of generating a crystal-
lized material with extra ordering as manifested in the films via the presence of highly
parallel ridges.





2.1 Phase transitions in Si films
It is important to understand amorphous Si’s thermodynamic properties and major
phase transition behaviors, as the conversion of amorphous Si (a-Si) films to crys-
talline Si (c-Si) is the first step that occurs in any multiple-shot melt-mediated crys-
tallization processes. a-Si lacks long-range order and contains distorted and dangling
bonds, which cause anomalous electrical behaviors. Therefore, the direct use of a-Si
for electronic devices usually requires passivation of these dangling bonds by incor-
porating hydrogen atoms. Over the years, investigations have shown that a-Si can be
formed by various non-equilibrium methods that include chemical and physical vapor
deposition processes, rapid solidification of liquid Si, and high-dose ion irradiation
of crystalline Si at low substrate temperatures [12]. Two common ways to prepare
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a-Si as a precursor for laser annealing are low-pressure chemical vapor deposition
(LPCVD) and plasma-enhanced chemical vapor deposition (PECVD) processes [13].
Si has three distinct condensed phases (crystalline, amorphous, and liquid) exist-
ing at one-atmosphere pressure [14]. Figure 2.1 shows a schematic diagram illustrat-
ing the relative Gibbs free energies of the liquid, crystalline, and amorphous phases
of Si, providing the thermodynamic basis for identifying the various possible phase
transformations that can occur in Si.
2.1.1 Melt-mediated crystallization of a-Si
Melting initiation involves the creation of a stable solid-liquid interface, and melting
propagation is the solid-liquid interface movement into the solid phase. We start our
discussion firstly on the phase transformation of a-Si, a metastable phase as indicated
in Figure 2.1, with the melting temperature of Tma estimated to be around 1460 K,
which is lower than that of c-Si, with Tmc around 1685 K [15]. The melting of a
metastable solid phase requires rapid heating (e.g., as encountered in ELA and SBA
process) as slow heating of the metastable phase material would kinetically lead to a
direct solid-phase transformation of the metastable solid phase, a-Si, into a thermo-
dynamically more stable solid phase, c-Si. It has been previously observed that solid-
phase transformation of a-Si can happen at (and above) an annealing temperature of
around 875 K resulting in small to large grained polycrystalline Si films [16–21].
Studies of pulsed laser annealing of a-Si films have shown that when the incident
11
Figure 2.1: The isobaric Gibbs free energy of liquid and amorphous phases of silicon,
relative to that of crystalline Si. Tmc and Tma are the equilibrium melting temper-
atures of crystalline Si (c-Si) and amorphous (a-Si), where the equilibrium melting
temperature is defined as the temperature at which Gibbs free energies of the two
phases are equal.
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laser energy density is sufficient to induce partial melting of the a-Si layer, explo-
sive crystallization (EC) is inevitably triggered [22]. This process typically converts
a-Si into fine-grained poly-crystalline Si via a melt-mediated mechanism involving a
thin liquid layer [23]. It has been observed that extended propagation of EC can
lead to a disordered and distinct microstructures. For instance, radial disk-shaped
regions (DSRs) in excimer laser (with a Gaussian temporal profile) single-shot ir-
radiated PECVD a-Si film are a manifestation of EC, containing a highly defective
core area and surrounded by slightly less defective outer perimeter/regions [8]. In
partial-melting-based crystallization of polycrystalline films, specific details of the
pre-existing microstructure (e.g., microstructure generated from EC or nucleation-led
solidification) will affect further processing and microstructural evolution of the ma-
terial. For instance, in ELA the first shot causes EC with a signature microstructure
features that can persist through and influence the successive evolution of the grain
structures. Therefore, understanding how EC initiates, propagates, and terminates
is important for developing crystallization processes.
Figure 2.2 schematically shows the EC propagation when a-Si film is under partial
melting. Upon irradiation, a liquid layer is first generated on the surface and is at
a temperature higher than the a-Si melting temperature (Tma), while lower than the
c-Si melting temperature (Tmc). Due to the latent heat difference between c-Si and
a-Si, the liquid layer can promptly propagate into the a-Si matrix by simultaneously
melting the a-Si on one side and freezing into c-Si on the opposing side (when c-Si is
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present as a result of nucleation or pre-exist in the precusor material). Under a favor-
able thermal environment, this nearly self-sustainable propagation only terminates
when the liquid layer is quenched and disappears. The quenching of the liquid layer
depends on the heat balance among (1) the heat generation from the EC process,
(2) the heat conduction into the surroundings, and (3) a possible heat input from
the laser beam (in SBA process, the instantaneous heat input is associated with the
fluctuating energy density determined by incident individual pulses).
Figure 2.2: Schematic diagram of explosive crystallization illustrating the propagating
l-Si layer sandwiched between the solidifying c-Si and melting a-Si phases [1].
2.1.2 Melting Scenarios in Laser-irradiated Thin Films
In the crystallization process, the laser energy density will impact the final microstruc-
ture via different melting mechanisms and regimes of each irradiation. It is well estab-
lished that the irradiation of Si films on SiO2 can be characterized into three regimes:
(1) low-energy-density-partial-melting regime, (2) a near-complete-melting/super lat-
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eral growth (SLG) regime [24, 25], and (3) high-energy-density/complete-melting
regime. Figure 2.3 shows a schematic diagram illustrating the three melting regimes.
Figure 2.3: Schematic diagram illustrating three major melting regimes in thin Si
films during laser irradiation. (a) partial-melting regime encountered at low energy
densities, (b) near-complete melting/superlateral growth (SLG) regime, (c) complete-
melting melting regime encountered at high-energy-densities.
In the partial melting case, the laser energy is just above the partial melting
threshold (PMT), so the liquid phase is initiated while most of the Si thin film remains
unmelted. When p-Si thin-film partially melts, the melting details can depend on
multiple factors, such as the microstructure, film thickness, and surface morphology
(discussed in greater depth in the ELA section of this chapter). The near-complete
melting is a sub-regime within the partial-melting regime, which exists in a small
energy density window just below the complete melting regime. In this scenario
very few original grains survive the irradiation and then solidify laterally into the
vast surrounding molten areas. This is referred to as the super-lateral-growth (SLG)
phenomenon. Beyond that exists a complete melting threshold (CMT) at which
the entire irradiated film area is melted. Depending on the size of the molten zone
and the thermal environment, the liquid phase can undergo supercooling followed by
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heterogeneous nucleation of the solids. In a partial-melting-mediated multiple-shot
crystallization process, if the energy density of a single shot (due to the laser power
fluctuation) is above the CMT, the previously developed microstructure is entirely
erased and replaced by randomly nucleated small grains.
2.1.3 Interfacial Amorphization of l-Si
When developing a laser crystallization process, the laser temporal profile needs to be
designed to sustain proper solidification rate to avoid interfacial amorphization of l-Si
(as high l-Si solidification rates can lead to the formation of a-Si). At relatively slow
solidification rates, l-Si solidifies as c-Si. At relatively high solidification rates, the
direct interface amorphization of l-Si into a-Si can occur wherein the growth velocities
of a-Si is greater than that of c-Si [1]. Since the solidification process happens at the
liquid-solid interface, the solidification rate is equal to the interface velocity, which is
governed by the interface response function (IRF) [3, 26] (equation 2.1):











where T is the solid-liquid interfacial temperature, v0 is a kinetic prefactor in the
unit of velocity, Q is the activation energy for the self-diffusion of atoms near the
interface, k is the Boltzmann constant, and ∆Gsl is the difference in Gibbs free
energy per atom betfween the solid and liquid phases. Figure 2.4 shows that a-Si has
maximum interface velocity greater than that of c-Si, due to the difference of ∆Gsl
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between a-Si and c-Si. Thus, the amorphization is likely to occur at a high interface
velocity in deeply supercooled liquid [27].
Figure 2.4: The interface response function of c-Si(vc(T )) and a-Si (va(T )) derived
from available experimental data [2], which are marked as solid points. The velocity
of the interfaces is zero at respective melting temperatures (Tma and Tmc).
2.2 Laser-material Interaction of Si film
2.2.1 Energy deposition and thermal evolution
To achieve an efficient laser annealing process, a strong light-material coupling is
needed (i.e., a short absorption depth). The coupling is very sensitive to the laser
wavelengths and the state of the material. Figure 2.5 illustrates the concepts of lasers
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heating for the following order-of-magnitude comparison. (In a typical ELA process
the heat diffusion length is around 3 µm, which is much greater than the optical
absorption length of c-Si (6 nm) or a-Si (10 nm) [3,28].)
Figure 2.5: Schematic of the interaction between laser beam and Si surface. Given
a certain energy density, part of the energy is reflected and part of the energy is
absorbed with optical absorption depth around α−1 which can be less or greater than
the heat diffusion length (2Dτ)1/2. [3]
However, such an order-of-magnitude estimate does not fully capture the non-
linearity arising from (1) far-from-equilibrium thermal conditions, and (2) the re-
flectivity difference between l-Si and a-Si during the melting process. In particular,
the optical reflectivity (R) and absorption coefficient (αoptical), or its inverse the ab-
sorption length (d), are temperature-dependent and can be calculated based on the
following equations:
R =
(n− 1)2 + k2











where n and k is the real and the imaginary parts of the refractive index and λ is the
wavelength of the laser. n and k (functions of the wavelength) describe the response
of the material to the light wave. Figure 2.6 shows the UV light is more effectively
absorbed by c-Si.
Figure 2.6: Absorption coefficient (α) and reflectivity (R) of crystalline Si at room
temperature. [3]
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2.2.2 Optical properties and phase transitions
When solid Si (a semiconductor material) melts into l-Si (a metallic material), the
reflectivity abruptly increases at optical wavelengths. Figure 2.7 shows dramatic re-
flectively difference between solid and liquid Si at λ = 630 nm. Two details worth
mentioning about this figure: (1) the slight difference in reflectance between room
temperature and heated a-Si/c-Si is because the band gap energy of most semi-
conductors, solid Si, in this case, decreases with temperature, and this affects the
absorption of photons with energies close to the gap energy, and (2) a number of
semiconducting materials, including Si, become metallic upon melting [29], which
induces a substantial increase in α and R.
2.2.3 Coherent Beams and Interference Effects
Laser-irradiated samples often reveal macroscopic surface morphology patterns, such
as rings, ripples, and corrugations, particularly when surface melting is induced during
irradiation [30, 31]. Some of these surface patterns are caused by the interference
effect, while others result from material-related thermal or mechanical phenomena
[32, 33]. The interference effect is related to one of the fundamental properties of
laser radiation: coherence. A coherent laser beam is defined as having the emission
photons of the same frequency, phase, and polarization and propagating in the same
direction [34]. Depending on the laser source, the coherence length could span from
several microns to several meters. The coherence length is calculated by the equation
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Figure 2.7: Time-resolved reflectivity (reflection from a HeNe laser with λ = 630 nm)
change of Q-switched laser irradiated Si, where Ra and Rc denote the reflectance of













Where ∆v is the irradiation bandwidth (the difference between the upper and lower
frequencies in a continuous band of frequencies), c is the speed of light. Initially coher-
ent beams may split into slightly different paths and produce a persisting interference
pattern if their path lengths differ by less than lcoh.
The coherence of the beam is partially captured by the beam quality factor, M2,
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which is used to reflect how a collimated laser beam can be focused to a small spot.
A larger M2 value indicates a less spatially coherent laser beam than a smaller M2
value. The highest possible beam quality is M2 equals to one, and this value is closely
approached by lasers like solid-state fiber lasers (single mode). Generally speaking
M2 is positively correlated with laser power and some high-power lasers or gas lasers
can have M2 values more than 100.
2.3 Excimer Laser Annealing Method
For the past ten years, ELA has been established and optimized to manufacture
high-quality LTPS for the backplane panels of flat plane displays [5, 6]. It is a
partial-melting-based multiple-shot-per-area crystallization process that converts de-
hydrogenated PECVD a-Si into p-Si with uniform and moderately sized grains on
low-thermal budget substrates (e.g., glass or plastic). Such materials (i.e., ELA p-Si
films) provide sufficient mobility for thin-film transistors (TFTs) and have adequate
uniformity for ultra-high resolution mobile displays.
A typical ELA process utilizes an excimer laser with a gas mixture of XeCl,
yielding a wavelength of 308 nm. An industrialized ELA system, consisting of several
excimer lasers together can provide 2 Joule per pulse at 600 Hz [5]. The excimer
laser temporal pulse profile consists of two major humps with the first peak’s pulse
duration around 30 ns and the overall pulse duration around 100 ns. Figure 2.8 shows
a temporal profile of a typical excimer laser. Spatially, excimer laser’s raw beam has
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a Gaussian-like profile, with dimensions of ∼ 1cm × 1 cm, which is subsequently
shaped and homogenized into a “top-hat” shaped line beam with the dimension of
1.5 m by 0.4 mm, capable of processing Gen 8 substrates (2.2 m × 2.5 m) [5]. Figure
2.8 shows the “top-hat” portion of the line beam. The “top-hat” profile consists of a
flat part (∼400 µm) and a symmetrical edge part (∼100 µm).
Figure 2.8: Temporal profile of an excimer laser. The temporal profile consists of
two major humps, with the first hump full-width-half-maximum duration around 30
ns and the overall pulse duration around 100 ns. The measurement is taken on the
excimer laser setup at Columbia University.
In ELA process, a large area is processed by mechanically translating the substrate
plate along the short axis of the ELA line beam at a rate, which typically delivers
twenty shots per area. The pitch distance (between each shot) is around 5% of the
“top-hat” flat portion (∼ 20 µm). Figure 2.10 schematically shows the cross-section
along the short-axis of the line beam, where the dashed line represents the next ir-
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Figure 2.9: Excimer laser pulse shape. Long axis is ∼1300 mm and “top-hat” shaped
short axis is ∼ 0.0426 mm. The short axis profile shows a “top-hat” area of 426 µm
and a long symmetrical edge area of 96 µm. Figure is adapted from Paetzel [5].
radiation area (largely overlapped with the previous one). The leading edge part of
the beam irradiates on a-Si, whereas the trailing edge part irradiates on p-Si. There-
fore, the leading edge area’s energy gradient leads to an abrupt border (consisting
of non-uniform microstructure and surface morphology) between the amorphous and
crystallized phases that can lead to periodic non-uniformity, referred to as the “step
mura” [10,35] as further discussed in section 2.3.3.
The first shot of the ELA process converts the precursor a-Si into fine-grain Si via
EC. Each subsequent pulse induces partial melting of the crystallized film, followed
by grain enlargement of a fraction of the grains through one melting-and-solidification
cycle of each shot. With the subsequent shots, the average grain size increases and
eventually nearly saturates to a grain size near the excimer laser’s wavelength (308
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Figure 2.10: Schematic of the ELA multiple-shot process of two consecutive irra-
diation area overlapping (cross-section view along short-axis). Dash line represents
the next irradiation area, with translation pitch size equals to 5% of the “top-hat”
portion.
nm). Figure 2.11 shows the microstructure enlargement evolution of the p-Si film
after 12, 16, and 20 shots by operating the excimer laser at the near-complete melting
regime of the p-Si film (∼0.9 CMT [36]).
Figure 2.11: Plan-view TEM micrograph showing microstructure evolution of ELA
processed 50 nm a-Si sample after (a) 12, (b) 16, and (c) 20 shots irritations. The
scale bar is 0.5 µm.
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2.3.1 2D melting of columnar-grained p-Si films
Although the ELA process has been investigated and utilized for many years, its fun-
damental details have not been fully deciphered. It is understood that ELA operates
at the near-complete melting regime, and many models have been proposed describ-
ing the ELA process [11, 37–40]. However, two fundamental phase transformation
questions remain to be answered: (1) how and where melting initiated, and (2) how
melting propagates during each melting and solidification cycle. The answers to the
questions mentioned above are technologically meaningful (for improving the exist-
ing crystallization process) and significant scientifically for understanding the melting
initiation mechanism for polycrystalline materials in general.
The difficulties in investigating the intrinsic melting behaviors of columnar-grained
p-Si films largely stem from several complexities: the presence of (1) surface protru-
sions (or local film thickness variations at grain size scales) [6,41], (2) beam scattering
induced “hot spots” (or a non-uniform energy deposition profile) [42,43] and (3) var-
ious material defects [44]. One of our recent studies has used transient reflectance
technique to probe the in-situ melting behavior of columnar-grained p-Si thin film
during excimer laser irradiation from the substrate side (containing a flat interface
between Si and the substrate) to avoid the surface protrusion-induced hot and cold
spots. Figure 2.12 shows the proposed melting dimensionality model where exclusively
surface-dominated melting behavior is referred to as the 1-D melting and exclusively
grain-boundary-dominated melting is the 2-D melting [45, 46]. The study concluded
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that the melting scenario in columnar-grained p-Si film under excimer laser irradi-
ation is close to the 2-D case, which is essential for microstructure evolution (grain
boundary movement upon each irradiation) during ELA process. However, the tran-
sient reflectance technique detects bulk area-averaged signals with substantial melt
fractions at high energy densities. It is incapable of providing information such as
location-specific melting initiation (i.e., inevitably corresponding to small melt frac-
tions), and hence, potential participation and the extent of grain boundary, grain
junction, or grain vertex melting (such details are examined in chapter 7 of this
thesis: Partial-Melting of Planarized Columnar p-Si Films).
Figure 2.12: Schematic of melting dimensionality model in columnar grain p-Si. (a)
Perfect 1-D melting, (b) Perfect 2-D melting. Dashed lines are the location of grain
boundaries. Arrows indicate the liquid interface traveling direction. The melting
scenario in ELA of p-Si thin-film is the grain-boundary dominated 2-D melting.
2.3.2 Surface Morphology and Laser-induced periodic sur-
face structures (LIPSS)
Producing technologically proven ELA-like materials constitute one important step
towards developing and validating the SBA process. Therefore, understanding the
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possible pathways that lead to an ELA-like material (namely, similar grain shape,
grain size distribution, and uniformity) is essential. Although there were several previ-
ous studies that have pointed out the correlation between the excimer laser wavelength
and the ELA material’s average grain size (both ∼ 308 nm), the kinetic pathway still
remains unclear. Nevertheless, it is worth highlighting the correlation between ELA
material surface morphology and its corresponding microstructure. There are two
surface features associated with ELA materials: (1) a more macroscopic-level surface
morphology variation that exhibits a “river-wave-like” pattern (referred to as sur-
face ridges) with typical spacing many times greater than the laser wavelength; and
(2) microscopic surface protrusions (referred to as surface ripples) with a periodicity
that is close to the beam wavelength. These features are seen as being related to a
general category of phenomena referred to as laser-induced periodic surface structure
(LIPSS) [6].
The “river” patterns in ELA consist of elongated features (ridges) oriented pre-
dominately in the vertical direction (also the scan direction), shown in Figure 2.13.
The ridges in ELA materials are not periodic but have a typical spacing on the or-
der of 1.5-3 µm. The AFM data in Figure 2.14 (c), suggests that the ridge regions
have stronger microstructural periodicity (and therefore grain uniformity) and taller
protrusions.
Microscopic LIPSS features (manifested strongly in the ridge areas) are commonly
observed in a wide range of materials processed by laser irradiation [47,48]. The LIPSS
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Figure 2.13: Optical image of a Si film processed by 20 shots ELA. The surface
exhibits elongated features (“river” pattern) with typical spacing 1.5-3 µm. The scan
direction is vertical.
effect is manifested in the form of the surface protrusions on the ELA processed films,
with the periodicity approximately the same as the excimer laser wavelength. Figure
2.14 shows the surface morphology of typical ELA material and the periodicity of the
surface protrusions is around 300∼350 nm, which satisfies the Rayleigh diffraction
condition:
λ = dn (2.5)
where d is the grating period (in this case, the periodicity of the surface protrusions)
and n is the refractive index of the medium above the surface.
2.3.3 Laser Mura Issues in ELA Materials
Mura are the undesirable, visually detectable, contrast non-uniformities that are man-
ifested either on the crystallized films, or the final display products. They can be
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Figure 2.14: (a) Surface morphology of an ELA processed film from atomic force
microscopy (AFM), (b) a 2D-FFT of a 50×50 µm2 AFM, (c) AFM 3D view with the
area in (a) highlighted. The image is adapted from van der Wilt [6].
created at each step of display panel manufacturing. In this thesis, only the “laser”
mura associated with ELA (and laser crystallization in general) are considered. ELA
mura result from uneven energy depositions, resulting in non-uniform microstructures
in the irradiated area, which becomes visibly detectable on displays due to the large
area of the line beam (1.5 m by 0.4 mm). There are three types of mura associated
with the ELA process: the step mura, shot mura, and the scan mura. The step
mura is caused by the leading edge of the line beam, where an abrupt microstructural
border (with ultra-small-grained microstructure) exists between amorphous and crys-
tallized phases [35]. The shot (sharp vertical lines) and scan muras (broad horizontal
lines) are illustrated in Figure 2.15. The shot mura arises from pulse-to-pulse energy
fluctuations in an excimer laser and the scan mura is due to the non-uniform spatial
beam profile (along the long axis) resulting from the optics shaping the beam. Many
efforts have been made to reduce mura formation, including: incorporating multiple
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lasers into one ELA system to reduce pulse-to-pulse energy fluctuations (shot mura);
micro-smoothing the spatial beam profile along the long axis (scan mura) [49, 50].
Step mura can be substantially avoided by advanced ELA method for large displays
(TV size) [35]. In the regular ELA method, one can identify this as the fundamental
cause for the process needing so many pulses (i.e., 20 shot ELA process to obtain
sufficiently uniform materials [35]).
Figure 2.15: Schematic diagram of mura associated with ELA. Shot mura patterns
are due to the pulse-to-pulse power fluctuation from the excimer laser, and scan mura
patterns are due to the non-uniform line beam profile caused by the optics in the ELA
system. These mura patterns are visually inspected after display panels are made.
2.4 Other Crystallization Techniques
There are many methods that can generate p-Si films on insulator substrates, includ-
ing: direction deposition [51–58]; solid-phase crystallization [17–21]; rapid thermal
annealing [59, 60]; metal-induced crystallization [61–67]; solution growth [68], wafer
bonding and separation by implantation of oxygen (SIMOX) [69]. Below we intro-
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duce two additional laser-induced crystallization methods that can be implemented
and realized using a spot-beam crystallization system.
2.4.1 Sequential Lateral solidification (SLS)
In the SLS method, a narrow region of the film is irradiated at an energy density
sufficient to induce complete melting, while the adjacent area is not irradiated, or
irradiated at low energy densities [59]. Later, lateral growth proceeds from the un-
melted regions into the adjacent narrow molten zone as the film cools. The film
is then repositioned and re-irradiated to induce seeded lateral growth to take place
epitaxially from the large grains that resulted via lateral solidification from the pre-
vious irradiation. While the SLS processing requirement can be simply defined as
stated above, the method is extremely flexible in that it can be used to generate
several microstructurally distinct low-defect-density materials. Figure 2.16 shows mi-
crostructures obtained from two different SLS techniques [70]. The microstructure
of a “two-shot” SLS material can be described as consisting of rows of elongated
grains that are periodically arranged. The directionally solidified microstructure con-
sists of a large number of primarily continuously growing grains that extend in the
crystallization/translation direction.
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Figure 2.16: Scanning electron microscope (SEM) images of microstructures obtained
via various SLS schemes: (a) a uniform large-grained p-Si material via two-shot SLS;
and (b) a directionally solidified p-Si material via line-scan directional SLS.
2.4.2 Mixed-Phase Solidification (MPS)
Mixed-phase solidification (MPS) is a beam-induced solidification method that can
produce large-grain and high (100)-surface textured p-Si films on SiO2. MPS method
utilizes an unusual phenomenon of stable coexistence of solid and liquid regions that
arises from melting induced reflectance increase when optical sources are used to in-
duce melting. This is accomplished by inducing gradual heating and eventual melting
of Si films using an optical beam on inert substrates. Typically MPS involves repeat-
edly applying a radiative beam source (e.g., continuous-wave (CW) laser or a flash
lamp) putting the initial a-Si films under the solid-liquid coexistence condition for
a long exposure time (dwell time) of milliseconds at ∼ 90% of the full-melt beam
power [7]. The typical multiple-exposed MPS materials are shown in Figure 2.17.
Figure 2.17 (a) shows a nearly equiaxed large-grained polycrystalline material. The
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EBSD map (figure 2.17 (b)) shows that the crystallographic orientation of the grains
is highly (100) surface-textured. The TEM micrograph (figure 2.17 (c)) reveals that
remarkably the multiple-exposed MPS generated grains are mostly devoid of various
intragrain defects such as twins, stacking faults, subgrains boundaries, and disloca-
tions.
Figure 2.17: (a) SEM micrograph of MPS processed sample (defect-etched), (b) elec-
tron backscattering diffraction (EBSD) showing (100) texture, (c) transmission elec-
tron microscope (TEM) images showing defect etched sample with grains mostly de-






3.1 Opportunities and Challenges
As mentioned previously, one technical motivating factor behind the present work on
SBA is the availability of high-power UV fiber lasers. When compared to conventional
solid-state lasers or gas lasers, fiber lasers can more efficiently and cost-effectively
generate high power beams while maintaining a good and stable beam quality. Prior
to our efforts presented in the current thesis, fiber lasers have not been seriously
considered or utilized for crystallization of Si films. This was largely due to the
fact that the available wavelengths of these modern lasers were largely confined to
longer values (e.g., infrared or far-infrared); that is, the UV or near UV fiber lasers
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needed for efficient energy coupling needed for effective crystallization of Si were
not available. Recently, however, such UV fiber lasers, with sufficiently high power
levels to be considered as a viable tool for laser-crystallization of Si films, are being
actively developed, and are currently in the process of being introduced to the market
place [71].
The excimer-laser-based ELA laser-crystallization technology has had a long pe-
riod of gestation, refinement, and optimization in the course of being established as
the product-enabling processing step for the manufacture of LTPS-based displays.
Although the ELA process has evidently been able to, up to this point, produce
sufficiently uniform and high-performance enabling poly-Si films, it still needs im-
provements regarding (1) the mura issue (i.e., visually recognizable large-scale non-
uniformity manifested in the resulting screens) that stems from the system-and-
process-related non-uniformity introducing factors (such as pulse energy fluctuations
and intensity non-uniformity along the length of the beam), and (2) high costs asso-
ciated with the operation and maintenance of excimer lasers.
Despite the inherent laser-technology-related merits associated with the high-
power generating fiber lasers, the initial attempt for adopting these lasers to create
an optimal thermal environment for crystallization of Si films proved to be a highly
challenging task. When compared to the excimer lasers that are used in the ELA
process, the high-power UV fiber lasers can be identified as possessing extremely dif-
ferent laser specifications that make them very ill-suited to be used in the proven
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conventional manner. Specifically, excimer lasers utilized in ELA have high pulse
energies and long pulse durations (e.g., 1 J/pulse and ∼30 to 100 ns pulse duration)
that enable the formation of a very large “top-hat” line beam (1.5 m by 0.4 mm,
achieved by synchronously combining 6 such lasers). The excessively long length of
the beam is used to minimize the beam-stitching area, the portion of the processed
film on top of which displays cannot be fabricated.
In contrast to ELA, the fiber-laser-generated spot beam will inevitably have a
significantly smaller beam area as the high laser power in these lasers is attained
via ultra-high frequency firing of the pulses. This also means that these lasers must
have much shorter pulse duration (typically <1 ns; too short, in fact, for optimal
crystallization of Si films) and low pulse energies (typically ∼1 µJ; much too low
for forming a reasonably sized line-beam). These substantial differences in key laser
specifications (i.e., pulse frequency, pulse energy, and pulse duration), in turn, make
the high-power UV fiber lasers effectively incompatible with the established long-line-
beam-utilizing conventional pulsed-laser-based crystallization process; an individual
fiber-laser pulse simply cannot create the incident beam that delivers the necessary
heating and cooling rates that are needed for optimal crystallization of Si films.
Additionally, the relatively low excimer laser frequency (600-1200 Hz) makes the
sample translation pitch needed between the pulses in ELA easily attainable by trans-
lating the substrate at a moderate speed (typically around 1 mm/s). In contrast, the
fiber laser’s extremely high pulse frequency (150 MHz or greater) requires the relative
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translation speed between the sample and the beam to be exceedingly high (physi-
cally impossible to be realized via the translation of the stage), even though the beam
itself is much smaller.
3.2 Spot-Beam Crystallization
3.2.1 Basic Methodology and System Configuration
Driven by the technological opportunities and the needs mentioned previously, we
have conceived and presented a new crystallization approach referred to as spot-beam
crystallization (SBC). [72, 73]. (Note that the SBA process corresponds simply to a
specific “partial-melting-based” variation of the SBC method.) The SBC method
overcomes the technical difficulties and challenges (stemming from the aforemen-
tioned laser specifications that are not optimally matched for conventional “pulsed-
laser crystallization” of Si films) by executing sequentially overlapped irradiation of
a small spot beam involving ultra-rapid scanning of the beam, as shown in Figure
3.1. The laser beam, which is generated from the fiber laser, propagates through a
beam-scanning delivery system that controls the scanning motion of the spot beam.
Uniform and “blanket” processing of a large substrate can be achieved via simple
overlapped raster/progressive scanning of the beam over the entire substrate. This is
accomplished by moving the sample with respect to the beam in the approximately
perpendicular-to-the-scan direction. Hence, the new scanning lines are sequentially
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and partially overlapped over the previous spot-scanned line, as shown in Figure 3.1
(b).
Figure 3.1: Schematic diagram illustrating (a) main SBC beam delivery system com-
ponents, (b) raster-scan pattern for “blanket” crystallization of a large processing
area, (c) top-view of overlap scanning of the spot beam.
Implementing SBC requires identifying and applying a few technical elements that
were previously not utilized for the purpose of laser crystallization. When designing
the beam delivery system for SBC, there are three major key components to take
into consideration: (1) pre-scanner optics, (2) spot scanner, (3) post-scanner optics.
The pre-scanner optics are used to shape and collimate the Gaussian beam for the
spot scanner. The spot scanner, which constitutes the central component of an SBC
system, should be capable of delivering an ultra-high spot-scanning speed (typically
much greater than hundreds of m/s) on the Si film. The exact value will depend on
the spot dimensions, laser pulse frequency, and desired beam dwell time. This beam
scanning can be accomplished using a polygon scanner, a galvanic mirror scanner,
or piezoelectric scanner [74], among other schemes. Post-scanner optics are used to
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minimize or eliminate possible variations that may be introduced to the shape, size,
and velocity of the beam. This is accomplished by using f-theta telecentric optical
components .
3.2.2 Process Flexibility and Platform-Level Applicability of
SBC: SLS and SBA
SBC is an unusually flexible method. This character of the approach, in turn, can
be leveraged to (1) tailor and optimize a specific crystallization scheme, as well as
to (2) configure and execute various laser-crystallization techniques that have been
developed over the years to cater to different applications [59, 75]. For instance, the
dwell time can be trivially adjusted via processing parameters such as the spot scan-
ning speed and the spot size; multiple lasers can be incorporated to either increase
the process pulse frequency by firing the laser consecutively, or to create a unique
temporal or spatial profile for advanced processing by combining multiple Gaussian
laser beams in an appropriately spatially coordinated manner; and, if desired, pre-
cise display-pixel-scale location-controlled crystallization can be incorporated into the
process.
In addition to the partial-melting-based SBA technique, crystallization methods
can also be implemented. By completely melting the narrowly defined irradiated area
during the spot scan and executing well-defined and precise stage translation during
the scanning process, either two-shot or directional sequential lateral solidification
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(SLS) can be implemented [59]. Depending on the value of accumulated deposited
energy density (for a given dwell time) in the central portion of the Gaussian beam, it
should be possible to achieve: (1) ELA-like partial-melting-based crystallization (e.g.,
SBA) below the complete-melting threshold (CMT); or (2) very high-device mobility
enabling SLS of the film by inducing complete melting of the scanned region above the
CMT [25]. Note that, the CMT is defined as a energy density above which localized
nucleation-initiated solidification that leads to the creation of extremely nonuniform
material may take place. In the case of SLS, such nucleation can be largely avoided by
using a sufficiently narrow spot beam, as doing so subsequently leads to the creation of
long and large grains via epitaxial lateral solidification proceeding from the unmelted
area into the complete melted region.
In addition to SLS and SBA, it is possible to envision how various other laser
crystallization schemes can be achieved in a manufacturing-compatible manner. Such
crystallization techniques includes: (1) mixed-phase solidification using green fiber
lasers, (2) nucleation-initiated solidification over a well-defined and location-controlled
region, and (3) location-controlled super-lateral growth of either continuous or pre-
patterned films.
3.2.3 Discrete intensity profile and dwell time
As SBA is the focus of this thesis, we will confine our discussion to processing of
films within the partial-melting regime. We begin by defining the “dwell time”: a
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key SBA parameter, which is important in understanding the overall thermal and
phase evolution expected during SBA. As the spot beam is scanned, the substrate is
incrementally heated up by multiple temporally isolated and spatially shifted pulses
to induce one primary melting and solidification cycle. It is important to recognize
that a translating spatially Gaussian beam causes a fixed point on the substrate
to experience a temporally Gaussian energy deposition profile. Taking into account
the intermittent nature of the fiber laser irradiation, we can describe the dwell time
(τdwell) in terms of the full width at half maximum (FWHM) of the temporal envelope
of pulse intensities experienced by a point on the substrate (illustrated in Figure 3.2





Where DFWHM is the FWHM diameter of the Gaussian beam spot and vscan is the
scanning speed. It is also important to identify the irradiation shot number that
were fired within the dwell time, equation 3.2, because for a given overall/integrated
deposited energy density, dwell time, and individual pulse duration, this number will
largely affect the temperature fluctuation as well as the instantaneous heating and









Where f is the frequency of the pulses that are incident on the sample; depending
on the system and process configuration, this could be the frequency of a laser or
the effective frequency resulting from the use of multiple lasers. The temporal and
spatial overlapping scheme is further illustrated with the Figure 3.2 from the “point”
and the “line” perspectives. Figure 3.2 (a) illustrates how the scanning beam is
overlapped and irradiated over a line area (where the steps are exaggerated to clarify
the movement); the red cross mark represents a “point” on the sample, where the
intensity this “point” sees as a function of time is plotted in Figure 3.2 (b); the dashed
line represents a reference cross-sectional line on the sample taken perpendicular to
the scan direction; the temporal and spatially variation of intensity, along this line is
plotted in Figure 3.2 (c).
3.3 SBA vs. other crystallization methods
Using a temporally additive and spatially overlapping irradiation scheme, SBA can
flexibly attain a temporal intensity profile that is precisely adjusted to cater to
different processing needs and configurations. SBA temporal profile’s discrete na-
ture distinguishes SBA from other traditional pulsed-laser-based or continuous-wave
(CW)-laser-based crystallization processes. Specifically, we argue that the temporal
intensity profiles of all other laser crystallization processes responsible for inducing
a single melting-and-solidification cycle can be identified as being “continuous” over
the transformation cycle. In contrast, the intensity profile over such a cycle consists
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Figure 3.2: (a) Schematic diagram illustration showing the top view of the sample
as the beam traverses through a region in the sample. Each ellipse schematically
represents the location of the Gaussian spot beam incident on the film. Steps are
exaggerated to clarify the movement. (b) Temporal profile of beam intensity depo-
sition at the center of the point in the observation line, marked by a red cross. The
arrow line indicates the τdwell of the temporal profile. (c) Spatial distribution (2-D)
of laser intensity profile on the slice of material as captured at the dashed line of the
observation, as a function of time. Note the rectangular temporal pulse profile is an
approximation of the actual Gaussian-like pulse shape.
of a number of discrete pulses in the case of SBA.
Recognizing and building on this basic yet fundamental intensity-profile-based
perspective, we construct a tree diagram (Figure3.3) that categorizes various previous
laser crystallization approaches in terms of the intensity profile types. Here, the
description “moving beam” means that the actual motion of the beam across the
sample constitutes a key parameter that factors in dictating the dwell time/effective-
pulse duration. The description “stationary beam”, on the other hand, means that,
even though the sample itself is moving, the actual motion of the beam and/or the
substrate is quantitatively essentially irrelevant in terms of defining the process pulse
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duration/temporal profile (or, for that matter, the actual crystallization process)
associated with the process. SBA is noteworthy in that it can be identified as a method
that fully captures and utilizes the power being generated by the laser (without
intentionally and periodically turning off the beam, as shown in Figure 3.4), while
also taking the full advantage of the single-mode/coherent nature (which makes the
beam not well-suited for being formed into a line beam) of the high-power UV fiber
lasers to optically efficiently distribute the power over the sample.
Figure 3.3: Tree diagram of laser crystallization methods breakdown by temporal
profile types.
We note and argue that SBA may be inherently better suited for generating more
macroscopically uniform materials, with substantially reduced mura patterns, for
manufacturing displays. This is an important point as far as the real-world ap-
plicability of the method is concerned. It is an additional, significant, and intrinsic
45
Figure 3.4: Discrete temporal profile created by the stationary beam method. This
could be implemented by periodically triggering the laser to fire a train of pulses
irradiates on the same location of the substrate. RR is the repetition rate of the
pulse train.
advantage of the SBA method over the conventional line-beam based methods. This
advantage stems from the fact that significant spatial and temporal “averaging effect”
must take place during the process. The combination of (1) small spot size, (2) sub-
stantial overlapping of the individual shots during a scan, as well as (3) multiple-scan
processing of a spot via the overlapping of the scan-lines during progressive rastering,
must lead to a substantial reduction in the formation of large-scale mura-generating
non-uniform regions that are manifested in ELA and other line-beam-based laser
crystallization processes [6]. That is, assuming a similar degree of imperfections in
the system specifications, the temporal and spatial averaging effect proceeding over
a very small spot area, must lead to more uniform displays.
For example, a persistent shot-mura issue in ELA that results from stochastic
fluctuations in pulse-to-pulse laser energy (which affects the entire large beam area)
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can be effectively eliminated in SBA since an extremely small region will be irradiated
by a large number of individual pulses even during a single spot-overlapped scan.
Note that the dimensions of the beam-impacted area is around 10’s of µm by 10’s
of µm in the case of SBA vs. around 1.5 m by 0.4 mm in the case of ELA. When
all the relevant factors are tallied, one can conclude the following: in the case of
SBA, essentially hundreds of individual pulses irradiate and process a small area, in
contrast to only about 20 pulses being used over an exceedingly large area in the
case the ELA method. This means that, in ELA, any occasionally high energy pulses
can irreversibly and substantially affect the material over the entire beam area. This
is what leads, in ELA, to the formation of yield-lowering shot-mura pattern in the
fabricated displays. In contrast, thanks to a small spot size and the multiple-pulse-
based averaging effect, such a fluctuation in pulse energy will be not only be ironed
out by other pulses, but it also will affect only a very small area (which makes them
visually essentially undetectable in the resulting screens); that is, the spatial and
temporal averaging effect that is significantly more prominently manifested in SBA
will work in favor of SBA, as far as the reduction in laser-mura patterns is concerned.
3.3.1 Thermal Spike Engineering in SBA
As noted above, one unique characteristic of the SBA method compared to all other
previously demonstrated laser crystallization methods is the discrete nature of the
pulses adding up to induce a single primary melting-and-solidification cycle. This,
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in turn, leads to commensurate and periodic fluctuations in the temperature of the
film (i.e., there will be periodic thermal spikes particularly at and near the surface
of the film, which are caused by the individual pulses). Noting that (1) such quick
and potentially substantial fluctuation in temperature can affect various important
details associated with melting and solidification, and (2) the details associated with
the fluctuations can be precisely tailored by controlling the relevant experimental
parameters (pulse duration and incident pulse frequency for a given dwell time and
deposited energy density), we would like to identify and suggest the idea of thermal
spike engineering. Such a design could aid in optimizing the quality of the resulting
materials.
Since the discrete intensity profile is not encountered in any other previous crys-
tallization processes, we can state that the thermal spike engineering, thus far, is
applicable, and is an available option, only to the SBA process. Based on the es-
tablished understanding of various melt-mediated phase transition mechanisms and
kinetic pathways [8,10,24], we identify that it may be possible to (1) reduce the extent
to which explosive crystallization of a-Si can be detrimentally microstructurally mani-
fested in the crystallized material, and (2) affect and manipulate how melting initiates
and propagates in columnar-grained polycrystalline Si films. In order to control and
optimize such transformation details, we need to design a temporal intensity profile
with the right transient heating and cooling profile associated with a single laser pulse;
that is, the heating and cooling rates as well as the maximum temperature changes
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associated with the thermal spikes can be engineered by creating a desired thermal
profile with an appropriately configured single-pulse intensity-temporal profile.
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Chapter 4
1-D numerical thermal analysis of
SBA of Si films
4.1 Abstract
This chapter deals with quantitatively evaluating the thermal and phase-transition
responses at a point in the Si film during the SBA process. This is performed nu-
merically using a one-dimensional (1-D) phase transition model. We identify and
discuss this simple analysis as highly relevant for understanding the partial-melting-
based SBA process. In order to capture and reveal those quantities that are useful
and meaningful in characterizing and deciphering the SBA method, we deal with
the following two specific scenarios: (1) a simple thermal-evolution-only scenario in
which no melting and solidification is allowed, and (2) a scenario in which 1-D verti-
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cal melting and solidification of the film takes place. We quantitatively examine how
the overall heating, melting, and solidification behaviors depend on the dwell time
(τdwell), defined previously in terms of the envelope of pulse intensities from a passing
beam. On the other hand, the temperature spikes caused by the individual pulses
are also scrutinized, since such thermal fluctuations can exert definitive influences on
how melt-mediated crystallization and microstructural evolution proceed during SBA
of Si films, and thereby affect the quality of the resulting materials.
4.2 Introduction
This chapter seeks to provide quantitative details of the two important SBA char-
acteristics that were qualitatively identified and described in the previous chapter.
That is: (1) the overall thermal evolution dictated by the collection of pulses, as
captured by τdwell, and (2) the transient and periodic thermal spikes as dictated by
the individual pulses.
The range of τdwell can be easily and flexibly achieved in SBA bodes well for
the method to find optimal conditions for crystallizing Si films. The presence, and
control, of the thermal spikes in SBA can be appreciated as an additional parameter
that can be adjusted to modify and improve the laser-crystallization process in an
unprecedented manner.
More generally, “a-point-in-the-film”-based analysis presented here can be iden-
tified as a quantitative thermal foundation of the SBA method. As we discuss later
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in the chapter, this simple 1-D analysis not only aids in understanding the partial-
melting-based laser crystallization process in general, but also enables one to un-
derstand the relevant and complicated phase-transformation-related details that are
manifested in SBA in a clear and comprehensible manner (e.g., explosive crystalliza-
tion (EC) of a-Si films and intra-grain melting of columnar-grained polycrystalline Si
films).
4.3 nDNS Numerical Model
This chapter employs a numerical model (nDNS) to simulate thermal and phase-
transition-related responses of Si films under various irradiation conditions. The
nDNS model uses the finite difference method and cellular-automata algorithm to
simulate highly transient heat flow and rapid nonequilibrium first-order phase tran-
sitions (i.e., melting and solidification) in thin films under far-from-equilibrium con-
ditions [76].
A typical 3-D film configuration used for simulation is shown in Figure 4.1. Upon
irradiation, the optical absorption of the incident beam energy occurs mostly within
the first 10 nm of the Si film. The subsequent heat flow, which largely determines
the phase evolution in the film, is calculated by solving the general anisotropic heat




= ∇ · (κT (φ, T )∇T ) + q̇L + q̇E (4.1)
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Where cp is the heat capacity, φ is the phase, T is the temperature, t is the time, κT is
the thermal conductivity, q̇L is the latent heat released upon solidification or absorbed
upon melting at the solid-liquid interface, and q̇E is the heat generated from external
heat sources, such as the incident beam. Due to the short timescale of the pulsed-
laser irradiation process, radiative and convective heat losses to the environment are
ignored.
Figure 4.1: Schematic diagram of a three-dimensional geometry comprising Si film
on a SiO2 substrate. The gray area is the simulation area where simulation results
are reported. The red outlined region is the representation of the 1-D analysis.
When the Si film is heated to a temperature at or above the equilibrium melting
point of Si (1685 K), the initial solid-phase Si nodes start to melt. The melting of a
node can be triggered either by the top interface or upon contact with a solid/liquid
interface (of a neighboring node). The velocity of the interface is determined by a
linearized form of the interface response function (IRF) (equation 2.1). Upon the
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liquid phase initiation (usually at the surface), the optical absorption into the film
drops, as the optical reflectivity of l-Si is higher than that of solid Si.
4.4 Implementation of 1DNS
In this chapter, we use a simplified 1-D version of the nDNS program to examine
the thermal and phase-transition responses at a point in the Si film during the SBA
process. As such, any lateral parameter variations or transition details are not cap-
tured. The exercise, nonetheless, incorporates: (1) material configuration and setup
(including customized phase transition conditions); and (2) laser irradiation condition
(i.e., energy intensity temporal profile).
In 1-D analysis, the simulated area is designed to be much smaller than the Gaus-
sian spot beam area so that it can be approximated as corresponding to the case of
uniform irradiation at a point. Specifically, we simulate a 50 nm thick crystalline
Si with the irradiation area size of 5 × 5 nm2. Figure 4.2 illustrates the simulated
material’s shape with the grids representing the 200 vertical nodes. The node size
is 5×5×0.25 nm3with the finer node size along the vertical direction to accurately
capture the thermal and melt-depth response of the Si film. The gray-colored area
represents the Si film of interest and the white SiO2 area is the substrate that serves
as a heat sink structure during the process. The first (top) node is served to either
(1) prevent Si from melting so that a simple thermal-evolution-only scenario is inves-
tigated (i.e., superheating of the nodes takes place above the melting point); or (2)
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trigger Si to melt, so that vertical melting and solidification of the film take place (in
accordance with the interface response function).
Figure 4.2: Schematic diagram illustrating a one-dimensional geometry comprising
Si film on SiO2 substrate. The first node on top of the Si layer can either trigger or
prevent melting in the Si layer. The bottom SiO2 substrate serves as a heat sink.
We compare three specific cases of irradiation: (1) an excimer laser exposure
with a continuous but fluctuating temporal profile consisting of multiple (primarily
two) humps; (2) an SBA exposure with a discrete intensity profile (consisting of
many isolated pulses), (3) a generic pulsed-laser exposure with a continuous Gaussian
temporal profile (as encountered in many of the pulsed solid-state lasers). The two
key SBA processing parameters (pulse frequency and single pulse width) are varied.
The essential processing parameters and simulation conditions are summarized in
table 4.1. The SBA and pulsed laser results are presented in the results section.
Furthermore, the SBA results are compared and discussed with those of ELA in the
discussion section.
The excimer laser temporal profile used in the simulation is obtained from the
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actual excimer laser setup at Columbia University using an oscilloscope. The SBA
temporal profile is generated first to simulate the overall discrete temporal intensity
envelope then the pulse shape is approximated by a rectangular pulse (to simplify
the calculation). The pulsed laser temporal profile is calculated by a one-dimensional
Gaussian function with FWHM of 133 ns and adjusted maximum intensity to match
the corresponding SBA’s discrete temporal profile so that the area under the curve is
the same. The area under the curve of the intensity temporal profile represents the
normalized cumulative deposition energy. The energy density for ELA is determined
to correspond to the condition at which the maximum ∼199 nodes (out of 200 nodes)
are melted. The energy density for all SBA and pulsed laser simulation is determined
in the same manner; for SBA, it is based on the value obtained using 150 MHz and
1 ns pulse width.
Finally, the 1-D analysis records both the thermal and the phase transition re-
sponse of the Si film irradiated with different temporal intensity profiles. The thermal
response of the Si film is recorded at the top node as a function of time. The melt
depth (also referred to as melt fraction) is defined as the percentage of the liquid
nodes in the area of interest (200 nodes).
56
Table 4.1: Summary of simulation conditions of (1) Excimer Laser, (2) SBA, and
(3) Pulsed Laser. Both excimer laser and pulsed laser have continuous temporal pro-
files, whereas SBA has a discrete temporal profile. Two scenarios are simulated: (1)
thermal-evolution-only (no melting and solidification is allowed), and (2) a melting-
permitted scenario. Note that the pulse width and the dwell time are the FWHM
value. The pulsed laser’s continuous temporal profiles are plotted (in red) together
with SBA’s discrete temporal profiles further in this chapter.
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4.5 Simulation Results
4.5.1 Thermal evolution analysis
We begin by presenting the thermal-evolution-only (i.e., no melting and solidification)
results obtained via SBA (discrete temporal profile) and pulsed laser crystallization
(continuous temporal profile). Figure 4.3 shows the surface temperature evolution of
a Si film in the SBA process at three frequencies. At each frequency, the continuous
temporal profile (red line) is adjusted to have the same area under the curve as the
discrete temporal profile (figure 4.3 first row).
The surface temperature evolution of both continuous and discrete temporal pro-
files achieves similar overall heating and cooling of the sample (figure 4.3 second row).
Also, as the SBA frequency increases, the maximum surface temperature decreases.
This is captured by the maximum superheating temperatures of 387 K, 198 K and 133
K for 150 MHz, 300 MHz, and 450 MHz, respectively. The maximum superheating
temperature is calculated by taking the highest value in the temperature evolution
curve minus the bulk equilibrium melting temperature of c-Si.
In order to examine the temperature fluctuations more closely, the surface tem-
perature evolution plots are magnified (figure 4.3 third row). These figures show
that the temperature fluctuations consist of spikes (red dost) and dips (green dots)
centered around the continuous case profile. The corresponding temperatures (with
the same melting time) are marked with matching colored dots on the continuous
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thermal profile.
Additionally, the temperature difference between the spikes and the dips with
respect to their continuous counterparts is plotted in Figure 4.4. The solid lines
are the surface temperature differences resulting from the instantaneous temperature
spikes (local maxima). The dashed lines are the instantaneous temperature dips
(local minima) achieved after the pulse turns off and just before the next pulse is
registered. The absolute values of the spikes curve are higher than for the dip curve.
As the frequency increases, both thermal spikes and dips’ absolute values decrease in
a diminishing manner.
4.5.2 Phase Change Evolution Analysis
The second set of simulations (i.e., the case in which melting is permitted) involves a
1-D vertical melting and solidification scenario. The resulting temperature evolution
and the melt-depth are plotted in Figure 4.5. Similarly to the no-melting case, the
surface temperature envelope (associated with the discrete temporal profile) follows
the continuous case curve. Unlike in the no-melting scenario, however, the surface
temperature envelopes exhibit a definite reduction after the temperature reaches the
bulk crystalline Si melting temperature. The melt depth/fraction evolution plots
show that the SBA process achieves one primary melting and solidification cycle. In
the 150 MHz frequency case, there also are several ultra-short-lived transient melting
and solidification cycles that appear before the primary melting cycle is manifested.
59
Figure 4.3: Surface temperature evolution of Si films irradiated by SBA process at
different pulse frequencies. The first row shows the SBA’s discrete temporal intensity
profiles at 150 MHz, 300 MHz, and 450 MHz (with 1 ns pulse width). The red
line is the pulsed laser’s continuous temporal profile. The second row is the surface
temperature evolution (full range). Max ∆T is the difference between the maximum
surface temperature and the equilibrium bulk melting temperature of crystalline Si
(red dashed line). The third row is the magnified figure of the surface temperature
around its maximum point. The red and green dot is the local maximum (thermal
ramp up) and local minimal temperature (thermal ramp down); the green centerline
is the surface temperature associated with the continuous temporal profile.
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Figure 4.4: Surface temperature difference between the continuous and the discrete
temporal profiles (150 MHz, 300 MHz, and 450 MHz frequencies and 1 ns single pulse
width (∆τ)). The solid lines are the surface temperature difference resulting from
the instantaneous ramp up of the temperature spike. The dashed lines result from
the instantaneous ramp down.
As the frequency increases to 450 MHz, the number of transient cycles (as well as the
amplitude) diminishes with the overall primary cycle approaching the shape obtained
from the continuous temporal profile.
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Figure 4.5: Melt fraction evolution of Si film irradiated by SBA discrete temporal
profile at different frequencies (blue lines). The first row shows the discrete temporal
profile at 150 MHz, 300 MHz, and 450 MHz with 1 ns single pulse width. The red
line is the continuous temporal profile with adjusted maximum intensity to match
the same area under the curve with its corresponding discrete temporal profile. The
second row shows the surface temperature evolution (full range). The third row is
the melt fraction (melt depth) evolution of the Si film. The melt fraction evolution
consists of one primary cycle of melting and solidification and short-lived transient
melting and solidification cycles before the primary cycle.
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4.6 Discussion
We would like to first point out the significance of the 1-D analysis by relating it to
the experimentally encountered physical conditions. To start with, the 1-D analysis
can be interpreted as physically corresponding to a process cycle experienced at a
point in a single crystal film under uniform illumination.
Although those conditions are not strictly met in a real SBA setup, the 1-D analy-
sis results can be used to understand the thermal and phase-transition details in p-Si
melting. This is based on the following reasons: (1) since the simulated irradiation
area is significantly smaller than the Gaussian beam’s spot size, the energy deposi-
tion can be approximated as uniform; (2) the heat is conducted primarily through
the substrate, whereas the lateral heat loss or gain is negligible compared to the heat
loss through the substrate, and (3) the overall melt-fraction of small-grained poly-
crystalline Si films can be approximately correlated to the melt-fraction obtained in
the single crystal film because of the same latent heat required to melt the material.
To start with, in the no-melting scenario, the surface temperature (resulting from
the laser heating only without the effect of the enthalpy change from melting and
solidification) can be treated as the approximation of the maximum possible degree
of superheating achievable during mostly 2-D melting of p-Si films (as mentioned in
chapter 2, this is the predominant melting behavior observed in the ELA process
[45, 46]). It is also possible to envision how such thermal spikes will trigger and
promptly quench the melting of a-Si, thereby affecting the extent to which EC can
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propagate when a-Si film is irradiated (see chapter 6).
Also, the melt depth analysis can be treated as the representation of the local aver-
age melt fraction in the case of a partial-melting process. Such inference is reasonable
provided that the microstructure of polycrystalline films is locally uniform and the
average grain size is much smaller than the beam size (which is the case in ELA
and SBA). Note that the 1-D analysis cannot capture those situations that involve
localized complete-melting of the films (e.g., in SLS, there is an abrupt transition of
partial to complete melting of Si films).
The above results reveal the similarities and differences between SBA and pulsed
laser processes. In the non-melting scenario, the thermal envelope (associated with
a discrete temporal profile) follows the continuous case’s overall thermal evolution
trend. This suggests that SBA’s additive heating method can create an optimal
thermal environment with overall heating and cooling rates that are equivalent to
those encountered during the pulsed laser process.
The thermal envelope’s amplitude can be flexibly tuned through thermal spike en-
gineering (proposed in chapter 3). This is a previously unexplored processing option
in the field of laser crystallization, as it is uniquely available for the SBA process. The
above results also demonstrate how the pulse frequencies can substantially affect the
temperature spikes. The higher frequencies result in lower temperature spikes. This
is so because, for a given dwell time, a higher frequency leads to a higher irradiation
shot number. When the total deposited energy density is the same, more irradiation
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shot number results in a lower energy density per shot. Thus the laser power is more
evenly and frequently distributed over the beam-exposed interval. In the limit of fre-
quency approaching infinity, the SBA profile envelope approaches a single continuous
Gaussian pulse.
Additionally, the temperature difference (figure 4.4) analysis is also meaningful.
The temperature difference analysis captures and illustrates the thermal response
stemming only from the discrete nature of the SBA process. It also provides some
data on how much the thermal spikes can be adjusted through reasonable parameter
tuning.
In the melting-permitted case, the decrease of the superheating temperature (above
bulk crystalline Si melting threshold) is caused (1) primarily by the endothermic na-
ture of the melting process, and (2) additionally by a slight decrease in the beam
absorption of l-Si compare to solid Si. The melt-depth evolution result further sub-
stantiates how the overall thermal envelope can result in a full primary melting-and-
solidification cycle as encountered in the conventional pulsed-laser processes. The
thermal spike’s impact on the phase transition will be further discussed later (within
the subsection that explores the implications of the thermal spikes on melting and
solidification of the films).
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4.6.1 Comparison between SBA and ELA
To further examine how SBA compares to the established crystallization process (in
the form of ELA), we perform and contrast additional simulations that deal with the
SBA and ELA processes. The thermal and phase transition responses of Si films (with
the same configurations as mentioned above) processed by ELA are shown in Figure
4.6. Note that ELA uses excimer lasers (a type of pulsed laser) with a continuous
temporal profile, which consists of multiple humps in the pulse shape (figure 4.6 (a)).
In the no-melting scenario (figure 4.6 (b)), the maximum superheating degree is 113
K, which is less than 132 K in 450 MHz SBA case, is obtained. This implies that the
p-Si film processed by ELA is likely to have a lower surface temperature than that of
the SBA-processed film.
The maximum surface temperature evolution reduces when melting takes place
(figure 4.6 (c)). This is consistent with the observation in the SBA process where the
reduction is partially attributed to the enthalpy change accompanying the melting
transition. Regarding the melt fraction evolution, the overall trend exhibits one
primary cycle of melting and solidification, with a transient melting and solidification
fluctuation that is due to the substantial first hump present in the typical ELA’s
temporal profile. Based on the overall thermal and phase transition response in all
three processes, we conclude that, as expected, SBA’s discrete intensity temporal
profile is capable of generating an ELA-like thermal environment (which is needed
for inducing a well-controlled partial-melting-based processing of polycrystalline Si
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films). The exact effect of the highly transient thermal spikes, which are not present
in ELA, remains to be further investigated.
Figure 4.6: Thermal and phase transition response of a 50 nm thick Si film during
a single shot ELA process. (a) A typical multiple-humped excimer laser temporal
profile used in ELA. (b) Surface temperature evolution without melting taking place.
The maximum superheating degree is 113.54 K, which is less than 132.73 K obtained
in the 450 MHz SBA case. (c) Surface temperature evolution with melting taking
place. (d) Melt fraction evolution.
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4.6.2 Key SBA parameters and thermal spikes
The thermal spike is unique and significant to the SBA process. It can also be flexibly
tuned via two key SBA parameters: pulse frequency and single pulse width. Note
that we have identified the two parameters for the desired dwell time to mimic an
ELA-like process. However, the dwell time is also an essential processing parameter
to be considered for thermal spike engineering. In order to compare the impact of
pulse frequency and pulse duration on temperature fluctuation, the same duty cycle
(∼15%) is used for this set of simulations.
Figure 4.7 shows the thermal response (non-melting case) of Si film irradiated
with 150 MHz, 2 ns and 300 MHz, 1 ns temporal profiles. The surface temperature
evolution shows a similar overall trend between the two cases, with the amplitude of
the temperature fluctuation being different. The obtained degrees of superheating are
243 K (150 MHz, 2 ns) and 198 K (300 MHz, 1 ns). Since two pulses in the 300 MHz
case deliver roughly the same energy density as a single longer pulse in the 2 ns case,
this temperature spike difference could be caused by the fact that the high-frequency
case provides extra time for heat to diffuse before the next energy packet is deposited.
In other words, for the cases involving an identical duty cycle, frequency increase must
lead to a commensurate reduction in the magnitude of thermal spikes; this occurs
as the same amount of energy is divided up and distributed more frequently (and
therefore more evenly) during the process. Figure 4.8 shows that the high-frequency
case (300 MHz, 1 ns) has lower degrees of thermal spikes and dips than the low-
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frequency case (150 MHz, 2 ns). Compared to the temperature fluctuation analysis
(figure 4.4) of 150 MHz, 1 ns, here the fluctuation is reduced more effectively by
increasing the pulse frequency.
Finally, the pulse shape is considered for its implication on the thermal spikes.
The pulse shape is one of the key elements that could impact thermal spikes as it
determines the energy deposition rate. So far, we have used a rectangular pulse
shape as an approximation to simplify the calculation. However, the actual temporal
pulse shape of a typical fiber laser is Gaussian-like. The comparison between the
effect of a rectangular and Gaussian-like pulses on the thermal spikes is shown in
Figure 4.9. The overall thermal envelope (the temperature spikes and dips) between
the two pulse shapes traces each other; hence, the rectangular approximation can
be considered reasonable and valid for trend-demonstrating purposes. Furthermore,
the thermal spike amplitude is lower in the Gaussian-like case compared to that of
the rectangular case. The maximum surface temperature in the rectangular case is
392 K versus 296 K in the Gaussian case. The temperature difference arises because
the Gaussian pulse shape deposits energy more gradually than the rectangular pulse
shape.
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Figure 4.7: Surface temperature evolution of Si film irradiated by SBA with the same
duty cycle of 15% . The first row shows the two SBA temporal profiles: 150 MHz
with 2 ns single pulse width and 300 MHz with 1 ns single pulse width. The second
row shows the surface temperature evolution. The third row is the magnified figure
of the surface temperature around the maximum point.
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Figure 4.8: Surface temperature difference between SBA and pulsed laser irradiation
at 150 MHz and 2 ns single pulse width and 300 MHz and 1 ns single pulse width.
With the same duty cycle, 300 MHz case results in overall reduced temperature spikes.
4.6.3 The effect of thermal spikes on melting and solidifica-
tion
Based on the established understanding of thermal and kinetics pathways, we note
that the thermal spikes could (1) reduce the extent of growth during EC in a-Si, and
(2) could affect how melting initiates and propagates in columnar-grained p-Si films.
EC of a-Si is inevitably triggered when a-Si is partially melted. There are three
phases that participate during the process: a-Si, l-Si and c-Si (figure 2.2). The
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Figure 4.9: Thermal spike temperature difference between rectangular and Gaussian
pulse shapes. The SBA temporal profile (150 MHz) with (a) rectangular pulse shape
with 1 ns pulse width, and (b) Gaussian pulse shape with 1 ns FWHM pulse width.
The red line is the corresponding continuous temporal profile. (c) Surface temperature
difference between the Gaussian and the rectangular temporal profiles.
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propagation of EC can be nearly self-sustained under the right thermal environment.
The process terminates when liquid Si is cooled and quenched. Based on considering
how the phenomenon is triggered and sustained, we conclude that the fluctuations
will reduce the extent of propagation by rapidly quenching the liquid phase [8]. The
fluctuations will lead to a prompt quenching of l-Si, and therefore quickly terminate
the EC process.
Additionally, the thermal spikes could introduce extensive intra-grain surface melt-
ing. This will, in turn, make the melting transition to becoming less 2-D (i.e., less
laterally dominated). The surface-temperature-evolution results (for the non-melting
case) show the degree of superheating is exceedingly high due to the thermal spikes
(higher than that of the ELA case). This extensive superheating on the surface would
increase the possibility of extensive surface melting. Our previous studies have re-
vealed that a columnar-grained p-Si thin film in ELA undergoes predominately grain
boundary melting (2-D melting) involving significant superheating of the intra-grain
surface [45]. Therefore, the intra-grain surface can be superheated to well above the
melting point.
Although the exact superheating degree in the p-Si film needs additional and tai-
lored experiments, the degree of superheating can be estimated. The single-crystal
Si film (passivated with a thin layer of SiO2) is estimated to sustain superheating
around ∼200 K [77]. The surface melting at the interface of Si and SiO2 after it has
been superheated can either be stochastically triggered by heterogeneous liquid nu-
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cleation or melt catastrophically and deterministically by reaching a certain threshold
value [78]. Even though the exact kinetic pathway is yet to be fully identified and
sorted out, it is correct to expect that a higher degree of superheating must lead to
a greater tendency for surface melting (and therefore make the melting scenario to
deviate more from the 2-D scenario toward that of 1-D).
Scientifically, the thermal-spike-created physical environment can be identified as
an opportunity to investigate some unresolved details that are relevant to discontinu-
ous phase transitions transpiring in condensed systems. The ability to rapidly perturb
a system which is precisely displaced from the equilibrium point in a controlled and
sustained manner, lends itself well to probe, capture, preserve, and study how the
transformations initiate and proceed.
4.7 Summary
This chapter provides a quantitative basis for understanding the SBA process through
a simple thermal and phase transition analysis. The apparently lacking but actually
highly relevant 1-D analysis quantitatively captures both the overall heating, melting,
and solidification cycle at an SBA-exposed point. The analysis also provides thorough
information on the thermal spikes that are encountered in SBA. Lastly, we discuss
the phase transition-related details that can be affected by the thermal spikes.
The thermal and phase transition results suggest that SBA’s discrete temporal
profile can create an overall optimal thermal environment to crystallize Si films. The
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thermal spikes associated with individual pulses can be flexibly turned through var-
ious processing parameters (dwell time, pulse frequencies, and pulse shapes). The
superheating results also lead one to conclude that the thermal spikes are likely to
induce and enhance intra-grain melting, making the melting behavior less 2-D. We
also note that the thermal fluctuations must lead to rapid quenching of liquid when
a-Si is melted, subsequently reducing the extent to which EC propagates.
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Chapter 5
Gaussian Line Beam Analysis
5.1 Abstract
When properly executed, the irradiation of a film via overlapped scanning of a small-
Gaussian-shaped spot beam with short-duration ultra-high-frequency pulses becomes
equivalent to irradiating the region using a Gaussian line beam. In this chapter,
we leverage this convenient spot-beam/line-beam correlation and examine the con-
sequence of crystallizing Si films using a line beam with the Gaussian profile. After
identifying the relevant crystallization-affecting energy density values, we conclude
that the beam energy utilization efficiency of a single-Gaussian-spot-beam-based SBA
will likely be relatively low. However, we also show that the efficiency can be substan-
tially improved by modifying the beam profile to consist of double- or triple-Gaussian
peaks (as can be accomplished by simultaneously using two or three spots, respec-
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tively). In the course of identifying the proper condition for evaluating the efficiency,
we examine and discuss two important threshold energy density values that bracket
the SBA processing window: (1) the value at which full melting of grain boundary is
reached, and (2) the value above which nucleation of solid is triggered at the center
region of the melted area.
5.2 Introduction
The background chapter introduced various energy density values that are relevant
for understanding melt-mediated crystallization of Si films. For partial-melting-based
crystallization methods, repeated melting and solidification of polycrystalline films
within the near-complete melting regime were identified as conditions under which
optimal microstructural evolution occurs. In the ELA process, the long-and-wide
top-hat-shaped beam (uniform flood irradiation across most of the beam) makes the
energy density control and interpretation of the results relatively straight-forward
(apart from the leading-beam-edge domain within which significant microstructural
variations can be introduced [35]). The relevant and important threshold energy
density (ED) values are well established for carrying out optimal laser annealing of
Si films using ELA, and these values will be used in this chapter for analyzing the
situation encountered using a Gaussian beam profile.
In the case of a Gaussian beam, the continuously varying nature of the spatial
profile of the beam introduces several additional considerations for both the interpre-
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tation and the optimization of the SBA process. In particular, the near-complete-
melting process requirement (well identified for ELA) imposes a restriction on the
effective zone width (within which optimal microstructural evolution of the grains is
induced). This, in turn, limits the fraction of the beam energy utilized effectively
for crystallization (i.e., a low efficiency in terms of the beam energy utilization). A
narrow processing zone within the Gaussian profile also means that the width of
the processing zone can vary significantly as the laser power varies and fluctuates as
a function of time. These issues are examined analytically and numerically in this
chapter.
For partial-melting-based laser-annealing methods to proceed properly and ef-
fectively, three melting-related factors must be taken into consideration. Specifi-
cally, the operating energy density needs to: (1) stay below the complete melting
threshold (CMT), to avoid nucleation and the subsequent appearance of small- and
defective-grained regions [10], (2) stay above the grain-boundary full-melting thresh-
old in columnar-grained p-Si films to achieve any microstructural evolution from the
melting process [11,46], and (3) stay well within the near-complete-melting regime to
maximize the degree of grain-boundary evolution that these iterative partial-melting-
based laser crystallization processes seek to induce.
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5.3 Threshold Energy Density Values
In order to characterize and comprehend the single-spot-beam-based SBA process
and analyze its energy utilization efficiency, it is necessary to identify the threshold
energy-density values for various involved phenomena. Figure 5.1 schematically shows
the correlation between the melting thresholds (of a-Si and p-Si thin films processed
by ELA or SBA process) and energy densities along the Gaussian beam curve. The
dashed lines are the major phase transformation-related ED values, which can be
identified and considered important to analyzing any partial-melting-based laser an-
nealing of thin Si films. Below we will identify and discuss those melting thresholds
in the order of increasing energy density, along with the schematic diagram of the
corresponding melting scenarios in p-Si (figure 5.2).
(1) Partial-melting threshold ED of a-Si films (a-Si PMT): this is the energy
density at which a-Si starts to melt. This is also the ED at which pulsed laser-
induced explosive crystallization of a-Si occurs [8, 79]. Subsequently, during ELA or
SBA process, a-Si film is initially crystallized via the explosive crystallize mechanism
at and near a-Si PMT at the leading edge of the top-hat-shaped or Gaussian-shaped
line beam, respectively. Note that the complete melting threshold of a-Si (a-Si CMT),
which is lower than the CMT of c-Si, is not a process-relevant quantity for SBA.
(2) Partial-melting threshold ED of p-Si films (p-Si PMT): This is the lowest
energy density at which melting is induced in polycrystalline Si films. For the SBA
and ELA-relevant microstructure (columnar-grained p-Si films), melting proceeds via
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a highly localized manner (as experimentally demonstrated in chapter 7). The melting
initiates at grain vertices defined geometrically by the intersection of a grain-boundary
and the top surface (figure 5.2 (a)). It is important to note that in the SBA and ELA
process, p-Si PMT does not yet imply the start of the microstructure evolution; as
such this transformation-significant threshold does not have any practical bearing on
the SBA and ELA methods.
(3) grain-boundary full-melting threshold ED of columnar grained p-Si films (full
GBMT): this ED corresponds to the threshold value at which the grain boundary
is fully melted (figure 5.2 (b)). This is the most important threshold ED value for
ELA and SBA, as grain-boundary full melting is a necessary condition (but still not
yet sufficient) for the microstructural evolution in columnar-grained p-Si films via
grain boundary movement. The grain evolution only occurs above this ED and gets
enhanced with increasing ED.
(4) ELA optimal processing ED: this corresponds to the processing energy density
at which ELA is conducted. This value approximately equals to 90% of the complete-
melting threshold of p-Si films (i.e., p-Si CMT, ELA effective CMT), which is in the
near-complete melting regime (figure 5.2 (c)) [11, 36].
(5) Complete melting threshold ED of p-Si films (p-Si CMT): this is simply the
ED at which complete melting of p-Si is reached (figure 5.2 (d)). As ELA utilizes a
top-hat shaped beam, this ED is the same as the ELA effective CMT ED in the limit
of having a perfectly uniform beam profile. The crystallization pathway changes from
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that of regrowth from surviving solid seeds to solidification via growth from nucleated
solids that appear after the liquid is quenched down to well below the melting point
(significantly supercooled by hundreds of degrees [80]).
(6) SBA effective CMT: in contrast to ELA, the Gaussian profile associated with
the SBA means that the effective CMT value can be higher than p-Si CMT. As
the width of the beam decreases, more efficient diffusion of the heat away from the
irradiated area is achieved (due to a higher temperature gradient in the case of a
narrow beam). Conversely, as the beam width increases, this value approaches p-
Si CMT and ELA effective CMT. It should be further noted that, for a sufficiently
narrow Gaussian beam, going above the ELA effective CMT value does not necessarily
lead to solid nucleation due to a narrow molten zone. [59].
5.4 Single-Gaussian-Beam Analysis
In this section we present the spot-scanned SBA process as a single Gaussian line
beam to analytically quantify its beam energy efficiency and effective beam molten
zone width. For examining the general efficiency of the process as a function of the
process threshold ED, we introduce a normalized process variable α. This variable,
referred to as operating energy value, corresponds simply to the processing energy
density divided by the maximum energy density at the center of the beam (figure
5.3). The corresponding effective melt width is denoted as z (width of the Gaussian
beam at α). Further more, we define the beam efficiency as the ratio between the area
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Figure 5.1: Illustration of various melting thresholds encountered in a Gaussian beam.
CMT is complete melting threshold; PMT is partial meting threshold; GBMT is grain
boundary melting threshold; and EC is explosive crystallization. The thresholds are
discussed in chapter 2.
Figure 5.2: Schematics of various degrees of (predominantly 2-D) grain boundary
melting. (a) partial grain boundary melting (vertex melting); (b) grain boundary full
melting threshold; (c) near-complete melting; (d) complete melting.
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under the curve within z and the total area under the Gaussian curve. Therefore,
the single Gaussian beam utilization efficiency and the corresponding effective beam

















Where erf is short for error function. Note here, η is a function of α and is independent
of the beam size. z is dependent on the beam width, DFWHM, and α.
In the SBA Gaussian beam analysis, we want to bracket the maximum energy
density in the beam profile to be equal to the ELA effective CMT value. We want
to point out an important number, namely the ELA optimal processing value (α =
0.9), which serves as one of the main benchmark values in this analysis. As such, the
width of the so-defined molten zone is where a substantial and effective microstructure
evolution takes place, while outside the region only marginal to no contributions are
made. We also note that the variation of the molten zone width (especially near
α = 0.9) as a function of variation in the beam energy is also a process-relevant
consideration. We examine this behavior by evaluating the slope of the beam profile
curves with a particular focus where α equals to 0.9.
83
Figure 5.3: Schematic diagram of Gaussian beam processing energy density value α
equals 0.6. The maximum intensity in a Gaussian curve is normalized to one. In the
general non-SBA case, the α can take any value between 0 and 1. In the SBA case,
the maximum Gaussian value equals to ELA effective CMT and α equals 0.9 (ELA
optimal energy value). z is the effective melt width at the corresponding α value.
5.4.1 Results and Discussion
Figure 5.4 shows the η and z of a single Gaussian beam operating at ELA effective
CMT (corresponding to the maximum value of the Gaussian beam). The resulting η is
∼35% (calculated by the blue area over the total area under the Gaussian beam). z is
the width of the blue area, equal to 3.9 µm, while the FWHM of the Gaussian profile
is 10 µm. z represents the effective width where ELA-like microstructure evolution is
obtained.
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The results suggest that the single Gaussian beam utilization is not effectively
used for crystallization when it operates at ELA effective CMT value. This is due
to the fact that the utilization is confined by the ELA effective CMT and the ELA
optimal processing value.
Figure 5.4: Gaussian efficiency (η) of SBA single scan operating at ELA effective
CMT. The red dashed line is the ELA optimal energy value (α = 0.9). The blue area
represents the part of the Gaussian beam that has high enough energy density for
effective crystallization to take place.
In order to explore the options to increase the Gaussian efficiency and the melt
width, we performed single Gaussian analysis, observing η and z as a function of
α, based on the analytical equations presented above (equation 5.1 and 5.2). The
results are shown in Figure 5.5. The Gaussian efficiency of a single Gaussian beam
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drops quickly as the operating energy is approaching the maximum point, α equals
one (figure 5.5 (a)). The dash line indicates the η at the ELA optimal energy density
is 35.4%.
Figure 5.5 (b) shows the melt width as a function of Gaussian operating energy.
The z is ∼4 µm when α is at the ELA optimal energy density. Unlike for the uniform
irradiation case, here z is sensitive to SBA’s operating energy density as demonstrated
in Figure 5.5 (c). As expected, z is overall sensitive to α, and with a relatively stable
region in the middle. Figure 5.5 (d) shows the magnified the dz/dα plot around
the ELA optimal energy density. The yellow area represents the operating windows
where the shot-to-shot energy fluctuation is at or below 10%. Under such shot to
shot energy fluctuation, z fluctuates around ±1.4 µm, which is quite high given the
average of 3.9 µm. Therefore, it is vital to maintain a stable z and minimize the
energy fluctuation stemming from experimental imperfections.
The results quantitatively revealed that the Gaussian beam is inherently inefficient
(compared to a nearly η = 80% for a perfectly top-hat beam operating at ELA optimal
energy density). The low efficiency is caused by the bracketing between two energy
threshold limits: (1) the CMT (α = 1), above which solid nucleation is triggered
resulting in non-uniform materials; (2) the optimal ELA energy density (α = 0.9)
below which no effective microstructure evolution takes place due to insufficient 2-
D melting [46]). The melt width results provide a baseline for multiple-scanned
SBA process, where the effective irradiation per area determines the required overlap
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between the spot-scanned Gaussian lines. The results highlight the need for a stable
processing energy level to maintain the area of effective microstructure evolution.
Figure 5.5: Single Gaussian analysis results. (a) Gaussian beam utilization efficiency
(η) as a function of the operating energy; (b) Melt width as a function of the operation
energy; (c) Slope of melt width relative to the operating energy. (d) Slope of melt with
that is magnified near the ELA optimal energy density. The yellow area represents the
energy fluctuation caused by any system imperfections (e.g., laser energy instability).
The energy fluctuations are assumed to be around 10%.
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5.5 Multi-Gaussian Profile Solution
To solve the aforementioned constraints of the single Gaussian beam, using multiple
Gaussian beams may be one possible solution. It may increase the beam utilization
efficiency, whilst maintaining the melt width stability benefits of a small-area beam.
Experimentally, the multi-Gaussian beam can be a future advanced SBA process
solution that can be implemented by combining two or more laser beams spatially
and scanning simultaneously. This section demonstrates such method by showing
two basic cases: double Gaussian, and triple Gaussian. Specifically, we analyzed the
Gaussian efficiencies and the melt widths of double and triple Gaussian beams, which
consisted of two and three single Gaussian beams of 10 µm spot size (FWHM). The
results are obtained by changing two parameters: (1) the separation distance, denoted
as d, between the multiple Gaussian peaks, and (2) the normalized operating energy
value, denoted as α, same as the previous section.
5.5.1 Double Gaussian Results
Here we present the overall spatial beam profile of the double Gaussian at various
separation distances (as shown in Figure 5.6). The separation distance between the
two Gaussian beams are perpendicular to the direction of spot beam scanning. At low
separation distance, the Gaussian efficiency increases as the distances increases. This
is due to the fact that the separation distance increases the effective beam width. The
Gaussian efficiency increase until the valley of the double Gaussian reaches the ELA
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optimal energy density at d equal to 10.3 µm. Thereafter the efficiency decreases
rapidly as the double Gaussian separates further. For the double Gaussian it should
be noted that when the separation distance is at 8.5 µm, it achieves a “top-hat” like
spatial profile, where the center of the beam is equal to the two single Gaussian beam
peaks.
Figure 5.6: Overall spatial beam profile of double Gaussian at various separation
distance operating under SBA condition (α = 0.9). The double Gaussian exhibits
a narrow “top-hat-like” shape when d is 8.5 µm and reaches maximum Gaussian
efficiency (η = 63.7%) when d is 10.3 µm.
Figure 5.7 shows the efficiency as a function of operating energy when the double
Gaussian is fixed at d equals 10 µm. The Gaussian efficiency decreases gradually
as the normalized energy efficiency increases and drops sharply after the operating
energy value reaches the valley between the two Gaussian peaks. When the operating
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energy value reaches 0.92 (η = 59.3850%), the valley “touches” the operating energy
value, resulting in a sharp decrease in the Gaussian efficiency. This sharp decrease
results from the liquid molten zone being split into two separate parts after the valley
drops below the operating energy value. This sharp decrease is explicitly indicated
by the melt width, labeled as z in the figure, and it increases as the operating energy
value increases when it is one molten liquid zone; correspondingly the melt width
decreases sharply after the operating energy value reaches 0.92.
Figure 5.7: Double Gaussian efficiency versus operating energy values (general non-
SBA case) at a fixed separation distance of 10 µm. As α increases both Gaussian
efficiency and melt width decreases. A sharp decrease of the Gaussian efficiency start
at α = 0.92, when it reaches the valley of the double Gaussian beam profile.
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5.5.2 Triple Gaussian Results
Figure 5.8 shows the overall spatial beam profile of a triple Gaussian at various sepa-
ration distances, with the center Gaussian beam at the fixed position at equal distance
from the other two Gaussian beams. At a short separation distance range, the overall
beam profile appears to be a broad “single” Gaussian curve, and as the separation
distance increases beyond 8 µm, three peaks and two valleys become apparent in the
overall beam profile. As the separation distance increases, the Gaussian efficiency
increase along with the effective beam width. At d equals to 9.96 µm, the two valleys
reach the ELA optimal energy density. As the valleys drop below the ELA optimal
energy density, the molten pools split into three individual parts. This results in
sharply decreased effective melt widths and Gaussian efficiency. Figure 5.9 shows
the triple Gaussian efficiency when the triple Gaussian beam, with a fixed separated
distance 10 µm, is operated at different energy values. As the operating energy value
increases, the Gaussian efficiency and melt width both decreases. When the operating
energy density reaches 0.81, the effective melt width drops sharply due to the molten
zone separation.
5.5.3 Discussion
The above results reveal a relatively low energy utilization with the single Gaussian
beam when it is constrained by the CMT and ELA optimal energy thresholds. The
comparison among single, double and triple Gaussian suggests that the beam utiliza-
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Figure 5.8: Overall spatial profile of a triple Gaussian beam at various separation
distances under SBA condition (α = 0.9). The overall spatial beam profile appears to
be a broad “single” Gaussian curve before the d reaches 8 µm and as the d increases
three peaks and two valleys appear. The Gaussian efficiency increases until the two
valleys drop below the ELA optimal energy density (the red dashed line) at d equals
9.86 µm.
tion rate increases as more beams are combined with a certain separation distance.
This is due to the fact that multiple Gaussian profiles have higher effective beam
width to induce a wider molten zone. The key difference between multiple-beam irra-
diation and uniform irradiation (top-hat) is that the multiple-beam contains multiple
peaks and valleys that will affect the melting behaviors. In this section, the Gaussian
efficiency trend of increasing the number of Gaussian beams and their separation
distance is discussed.
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Figure 5.9: Triple Gaussian efficiency versus operating energy values (general non-
SBA case) at a fixed equal separation distances, 10 µm, between two adjacent Gaus-
sian beams. As α increase the Gaussian efficiency and melt width decrease. A sharp
decrease of the Gaussian efficiency starts at α = 0.81, when it reaches the valleys of
the triple Gaussian beam profile.
5.5.3.1 Gaussian efficiency analysis comparison
Figure 5.10 compares the Gaussian efficiency versus separation distance of double and
triple Gaussian beams. The results indicate that the triple Gaussian beam has an
overall higher efficiency than the double Gaussian beam profile, where the maximum
efficiency of double and triple Gaussian is 63.7% and 71.6%, respectively. Both double
and triple Gaussian beam exhibits a sudden drop near the separation distance around
10 µm. This is because at large separation distances, the valleys in the beam profiles
drop below the ELA optimal energy threshold (i.e., α=0.9). This leaves the valley
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areas unmelted or less melted, decreasing the effective molten zone width.
Figure 5.10: Gaussian efficiency versus separation distance comparison between dou-
ble and triple Gaussian beam profiles. The maximum Gaussian efficiency for double
and triple Gaussian is 63.7% and 71.6% at 10.26 µm and 9.85 µm, respectively.
Dashed lines are at d equals to 9, 10 µm.
To further understand the drop of the Gaussian efficiency at its maximum point,
the Gaussian efficiency versus operating energy value are plotted and compared at a
separation distance of 10 and 9 µm (as shown in figure 5.11). There are two common
features in both double and triple Gaussian features: (1) Gaussian efficiency drops
near the ELA optimal energy value, at α equals 0.9 marked by the dashed line; and
(2) Gaussian efficiencies have “kinks”. The differences are that the double Gaussian
beam has one “kink,” and the triple Gaussian has two “kinks”. The first kink in both
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cases occurs when the value of α reaches the valleys and the molten pools split. The
triple Gaussian has a second kink corresponding to the point at which α exceeds the
energy level of the two outer beams, but it still below the maximum level of the center
beam (which is higher due to partial overlap from the outer beams). At d equals 10
µm, the triple Gaussian’s first “kink” is before the ELA optimal energy value and
the double Gaussian’s “kink” is right after the ELA optimal energy values. Due
to the sharp decrease of triple Gaussian beam at d = 10 µm, thus triple Gaussian
has lower efficiency than double Gaussian. At d equals 9 µm, both double and
triple Gaussian have their first “kink” after the ELA optimal energy threshold. Here
the triple Gaussian beam has a higher Gaussian efficiency than that of the double
Gaussian beam before it reaches the kink. This difference in efficiency change related
to the separation distance suggests that the separation distance needs to be optimized
for each multiple Gaussian beam profile.
5.6 Summary
This chapter presented the analysis of SBA spot-scanned Gaussian line beams and
possible pathways for advanced multiple Gaussian beam scanning techniques.
The Gaussian beam analysis is relevant and important because it identifies the
beam energy efficiency and melt width arising from the fundamental correlation be-
tween processing energy and the underlying melting behaviors. The analysis is based
upon our identification and comparison of how specific melting thresholds are mani-
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Figure 5.11: Gaussian efficiency comparison between double and triple Gaussian at
9 µm and 10 µm separation distance. Dashed line is the ELA optimal energy value.
The triple Gaussian at the dashed line location has higher efficiency in 9 µm case
than 10 µm case.
fested under uniform irradiation and continuously varying Gaussian beams.
The single Gaussian beam analysis suggests that the beam energy utilization is
low compared with the uniform flood irradiation (e.g., ELA’s area line beam). This
is because SBA’s operating energy density is confined between CMT (to avoid solid
nucleation) and grain boundary full melting (for effective crystallization).
Additionally, the analysis of multiple Gaussian beams (double and triple) pro-
vided potential solutions to increase the beam energy utilization. Compared with a
single Gaussian beam, multiple Gaussian beam’s maximum energy utilization can be
doubled and the melt width is more stable under energy fluctuations, as long as the
beam separation distance is appropriately tailored to avoid thresholds of non-linearly
high sensitivity of melt widths to processing energy.
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Chapter 6
Spot-Scan Crystallization of a-Si
Films
6.1 Abstract
This chapter reports on the first properly executed spot-scan crystallization exper-
iment. Specifically, single-scan-induced crystallization of thin a-Si films (50 nm,
PECVD) were conducted. The results obtained from atomic force microscopy (AFM),
optical microscopy (OM), and transmission electron microscopy (TEM) characteriza-
tion of the crystallized films reveal the microstructural details that are comparable to
the case if the scanned line was created instead using a long-pulse-duration line beam
with a Gaussian spatial profile. That is, a-Si films were crystallized over the entire
region as anticipated from considering the corresponding dwell-time-based thermal-
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and transformation-related considerations. The results experimentally validate the
conceptual basis of the SBA method, which were calculated and analyzed in the
previous chapters. We note and discuss one distinct microstructural feature of the
spot-scan crystallized a-Si films related to the explosive crystallization (EC). We ar-
gue that the microstructure resulting from the sustained growth component of EC is
substantially reduced compared to those films that were irradiated with an equivalent
excimer pulse (or solid-state lasers with continuous temporal profiles). This effect was
found to be particularly noticeable at the edge of the crystallized region, which is es-
pecially relevant in SBA. Based on the established thermodynamic and kinetic model
of melt-mediated EC, and the simulation results presented in chapter 4, we presently
consider this result as stemming from thermal spike triggered and rapidly quenched
melting of a-Si.
6.2 Introduction
In the 1-D numerical analysis chapter, we have established that SBA’s discrete tem-
poral profile can create an overall ELA-like thermal environment with the potential
benefits and drawbacks from thermal spikes. In the Gaussian-beam analysis chapter,
we have pointed out that the single spot-scanned area is homogeneous enough to be
essentially treated as the area crystallized via a Gaussian line-beam irradiation with a
matching intensity profile. In this chapter, we validate the aforementioned simulation
results and address phase transformation scenarios in SBA process via experimental
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results of spot-scanning of a-Si films, the most basic yet important first step in all
multi-shot-partial-meting-mediated crystallization processes.
a-Si can be identified as an elemental metastable solid phase (distinct from con-
figurationally frozen glassy materials, which are obtained from rapid quenching of
liquids). Thus, the melting of a-Si requires rapid heating since slow heating would
kinetically lead to a solid-phase transformation of a-Si into c-Si, a more thermody-
namically stable phase [81]. In pulsed laser annealing of a-Si, EC happens when
the laser energy density is sufficient to induce partial melting of the a-Si film [23].
Due to the latent heat difference between c-Si and a-Si, the EC is an exothermic
reaction. The heat that is generated from crystal solidification can further result in
a self-sustained propagation and extensive lateral growth of EC under appropriate
thermal environments.
Over the years, investigations have shown that many distinct methods can be used
to synthesize a-Si films. Some well-established examples include: various chemical
and physical vapor deposition processes (CVD, evaporation, sputtering, etc.), rapid
solidification of liquid Si, and high-dose ion irradiation of crystalline Si. Two of
the most common ways to prepare a-Si for the LTPS technology are low-pressure
chemical vapor deposition (LPCVD), and plasma-enhanced chemical vapor deposition
(PECVD) processes [13]. It was found that, depending on the specific preparation
methods, the details of EC (how the mechanism is triggered and sustained) could be
different [22].
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It is important to note that all previous studies on laser annealing of a-Si thin films
have been performed using either a pulsed or continuous-wave laser with a continu-
ous temporal profile. This chapter presents the first laser crystallization experiment
performed using a discrete temporal profile. As discussed previously, in the partial-
melting mediated multiple-scan crystallization processes, the conversion from a-Si to
c-Si is the first and the most important step as the microstructural change upon each
laser irradiation is based on the previous one. Thus, establishing a firm understanding
of a-Si and c-Si transformation under the discrete temporal profile with thermal spikes
forms the basis not only for SBA process but also for understanding the fundamentals
of phase transformation in all melt-mediated a-Si crystallization processes.
6.3 Method
6.3.1 SBA system setup
The implementation of the spatial and temporal interlacing scheme, relies on a beam
delivery system to precisely deliver and handle a high power small-sized spot beam
and ultra-high scanning speed (typically ∼100 m/s) to achieve ELA-like temporal
profile. The engineering of such precise and demanding equipment requires the un-
derstanding and combination of some technical elements that have not been used in
the laser crystallization field before. Specifically, polygon-based optics can be iden-
tified as a potential suitable candidate to deliver the high scanning speed [74, 82],
100
and tremendous effort has been put into to design such beam delivery system to
accommodate all the desired specifications of SBA process.
There are three key components to this polygon-based optical system, shown in
Figure 6.1. These are: (1) pre-scanner optics, (2) polygon scanner, and (3) post-
scanner optics. The pre-scanner optics are used to make the Gaussian beam colli-
mated for the spot scanner. The polygon scanner unit contains a polygon mirror and
additional optics (e.g., galvanic mirrors) to precisely control the spot beam position.
It rapidly scans the spot beam on the sample with linear velocities in the range of
∼100s up to 1000s m/s (depending on the spot size and distance between the scanner
and the substrate) to have a desired processing dwell time on the substrate. The
post-scanner optics are used to correct the focal length difference after the polygon
scanner as well as to control the final shape of the spot beam.
6.3.2 Irradiation procedure
The fiber-laser that is employed in this setup has a wavelength of 355 nm and operates
at 150 MHz with sub-nanosecond single pulse duration with 10 µm cross-section
(FWHM) beam width as shown in Figure 6.2. Raster scanning was performed with
two different perpendicular-to-spot-scan translation (single-scan) schemes; (1) with
no overlapping of the scanned regions (resulting in isolated single spot-scan lines with
an amorphous region or ELA p-Si region between the two adjacent crystallized lines),
and (2) with substantial overlaps leading to approximately 20 scans per area (multi-
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scan), which is presented in chapter 8: “SBA process of Si films”. In the single-scan
schemes, τdwell is ∼133 ns with an optimized combination of spot scanning speed and
FWHM diameter of the Gaussian spot size (see equation 3.1).
Power-level variation is the key parameter examined in the spot-scan of a-Si films
experiment. In the first set of experiments, the baseline energy was first established
by a visual inspection method. In this method, a flash light illuminates the sample
from an oblique angle and the bright-reflection light is observed. This reflection light
is usually strongest in green and blue and derives from first-order diffraction of visible
light on surface periodicities [83]. After the identification of the baseline power, the
operating power is varied from the baseline, including±0.5%, ±1%, ±2%, ±5% higher
and lower.
6.3.3 Sample configuration
PECVD (plasma enhanced chemical vapor deposition) a-Si films on glass were used
for all experiments starting with a-Si. The thickness of the a-Si film is 50 nm and
the film is dehydrogenated before the laser annealing process. It is notable that
the samples used in this thesis were obtained from various industrial sources and
are of device grade quality to ensure that the experimental results in this thesis
capture the universal and intrinsic behavior associated with beam-induced melting
and solidification of Si films on SiO2.
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Figure 6.1: Schematic diagram of the setup for SBA process. The pre-scanner optics
deliver a collimated beam for a polygon scanner. The beam delivery unit (contains
a polygon scanner and associated optics) enables effective spot-scan velocity in the
range of 100s-1000s m/s. The post-scanner optics correct the focal length difference
after the polygon scanner and determine the beam shape on the substrate.
Figure 6.2: The cross-sectional spatial profile of SBA’s single spot-scanned line created
by overlapped scanning of the rapidly traveling spot beam. Cross-sectional Gaussian
beam with the width (FWHM) 10 µm is captured using a beam profile meter.
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6.3.4 Material characterization analysis
In order to analyze p-Si’s microstructure using TEM, the p-Si thin film has to be
etched and lifted off from its substrate. The first step is to remove the thin native
SiO2 layer on the p-Si surface by dipping the sample into a solution of buffered-
hydrofluoric acid (BHF). Then, the Si films were lightly defect etched using seccho
etchant to improve the defect contrast (preferential etching at grain boundaries) for
TEM imaging. The next step is to “lift-off” the thin Si film from its glass substrate by
placing a small droplet of hydroflouric acid (HF) on the surface of the p-Si sample for
around 30 ∼ 60 minutes, depending on the thin film’s condition. Since the HF etch
rate of SiO2 is higher than that of Si, HF penetrates through the grain boundaries
and defects to the substrate at a faster rate. The last step is to submerge the sample
into de-ionized water, during which the segments of the Si film would lift off from the
glass substrate and float to the water surface. The Si film segments can be collected
by a TEM sample grid.
6.4 Results
Figure 6.3 shows the optical images of the single spot-scanned area at three power
levels, -5%, baseline and +5%. Due to the light interference, a-Si and p-Si are shown in
the images as the magenta and yellow areas, respectively. One important observation
is that the spot-scanned line is homogeneous along the scan direction and individual
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spots absolutely cannot be distinguished from the optical images, as expected from
a properly executed SBA process. It is also impossible to distinguish if the scan
direction proceeded left-to-right or the other way.
As the power increases, the surface roughness at the center of the line becomes
more pronounced and the width of the crystallized area (i.e., the ”line width”) in-
creases.
Figure 6.3: Optical bright-field images of Si film of single spot-scanned area at (a)
-5% power level with 15 µm line pitch, (b) baseline power level with 10 µm line pitch,
and (c) +5% power level with 15 µm line pitch. a-Si is the magenta area and p-Si is
the yellow area. The spot-scanned line is homogeneous along the scan direction.
Figure 6.4 shows crystallized line width measurements from optical images of nine
power levels. The linear regression estimates that the line width increases 0.0708
µm as the power level increases by 1%. As the first set of preliminary experiments
without the full sweep of parameters, the widest line width at the highest power level,
5%, is around 9.65 µm, still less than the cross-sectional FWHM spot size of 10 µm.
Figure 6.5 shows the AFM images of a single spot-scanned area at the baseline
power level. The protrusion height along the dashed line is plotted and shown on
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Figure 6.4: Crystallized line width at nine power levels (as a percentage from the
baseline power. The measurements are taken from the optical images with measure-
ment errors indicated by the gray bars. The blue line is the linear regression between
the line width in micrometers and the percentage of the power level variation, with a
slope of 0.0708 and interception of 9.2165 at the baseline power level (0%).
the right side. The AFM image shows that along the scan direction the SBA setup
creates a consistent crystallized linear region. The height plot of the crystallized
area’s cross-section (indicated by the dashed line) shows higher surface roughness
at the center compared to the edges of the “line” area, which is consistent with the
optical microscope observation. The area’s width with recognizable surface roughness
is around 5.9±0.2 µm, which is narrower than the 9 µm, average measurement based
on the optical images.
Figure 6.6 shows a bright-field TEM image of the single spot-scanned area at
the baseline power level. The linear region is the fully crystallized Si, and the a-Si
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Figure 6.5: AFM image of a single spot-scanned area at the baseline power level. The
AFM deflection image shows the surface morphology of the crystallized area. The
cross-sectional surface height, at the dashed line location, is plotted on the right side
of the figure.
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area, initially on the side of the linear region, is completely etched during the TEM
sample preparation process. The TEM image shows the linear region has small-sized
grains on the edges, and the grain size gradually increases when it approaches the
center. The beam’s width is around 9.1±0.2 µm, which is consistent with the line
width obtained from the optical image; we note that this value is much wider than
the width of the high-surface roughness region as determined from AFM images.
Figure 6.6: Bright-field TEM image of the single spot-scanned area at the baseline
power level. The grain size increases gradually from the edge to the center. The
width of the crystallized line is 9.1±0.2 µm, which is similar to optical microscope
measurements and wider than the AFM measurement.
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6.5 Discussion
We first start the discussion on the large-scale macro-level analysis. The experimen-
tal results align with our calculation on spot-scanned line homogeneity versus SBA
process frequency. As was already described previous by Lerme et el. [84], a long
dwell time or low spot-to-spot overlap (observed during a-Si annealing process using
a continuous energy beam source) can lead to a crystallized area with visually distinc-
tive spot-shaped nonuniformities thus reveal the scan direction. These scan-direction
revealing features have not been observed whatsoever in the currently presented ex-
perimental results. All three material characterization results consistently indicate
that the spot-scanned line is homogeneous and uniform with no discernible scan
directions-related features. Additionally, the increase in the width of the crystallized
area as the power level increases is also consistent with Gaussian line analysis results,
where the melt width increases as the operating energy increases as shown in Figure
5.5 (b).
Microscopically, the microstructural variation observed within the crystallized
area is entirely consistent with the previous studies involving excimer laser irradi-
ation of a-Si films [10]. The TEM image of spot-scanned linear region reveals the
details that match the energy density dependence of crystallized microstructure and
grain size (as also partially captured in the schematic diagram of different melting
thresholds and their corresponding melting regimes, Figure 5.1). The edge areas of
the crystallized region primary undergo a-Si partial melting and EC (precisely at
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and near the threshold) that leads to the formation of fine-grained polycrystalline
material.
As the energy increases towards the center, more substantial and complex melting
of the film leads to the formation of larger grains and higher surface roughness.
Previous studies on single-shot excimer laser irradiation of a-Si exhibit an identical
trend [85].
6.5.1 Explosive crystallization of a-Si films
We would like to further discuss the implication and significance of the “reduced”
manifestation of EC observed in the spot-scanned experiments. EC is inevitable
since a-Si undergoes partial melting as the first transformation that converts a-Si to
crystallized material in both SBA and ELA process. In fact, EC is unavoidable in
any melt-mediated crystallization of a-Si films. As suggested before, in the partial-
melting-based multiple shot annealing processes (e.g., ELA, SBA) the microstructure
after the first irradiation is very important, since the subsequent partial-melting-based
crystallization process merely modifies the initial material. The initial microstructure
is created predominantly via EC at the threshold at the edge of the beam making the
quality of the EC material vital for crystallization processes.
Based on our observation reported in this chapter and the comparison to the ac-
cumulated data from excimer laser crystallization of a-Si films, we can make a subtle
but remarkable point about how the spot-scan generated EC microstructure observed
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at the edges of the scanned region appears to be very uniform and almost entirely de-
void of the feathery elongated needle-like grains (consisting of heavily micro-twinned
grains) that are often considered as being the signature feature of EC.
We attribute this observation to the fact that under the spot-scan exposure, the
melted liquid Si undergoes highly rapid quenching that in turn should promptly
terminate the defective propagation of the crystal phase. This is what we mean
by observing “reduced EC” in spot-beam-scan crystallized a-Si compared to that
obtained with excimer pulse irradiation.
In those studies, as the energy density increases, the manifestation and evolution
of EC are distinctive under TEM, Figure 6.7 and AFM, Figure 6.8. In AFM, the EC
area shows up as a disk-shaped region (DSR) with smooth surface morphology but it
has a very defective core area, as shown in the TEM images. When the energy density
increases, the DSR does not get erased entirely. Instead, the highly defective core
area is remelted and the DSR remains. In SBA’s spot-scanned area, no DSR is found
in the AFM and TEM images. If extensive EC happened in the spot-scanned area,
it would take place near the edge of the line where the EC could laterally propagate
into the a-Si area with a protruding line between the a-Si and the c-Si showing up
under AFM analysis. We can conclude that the EC propagation is reduced in the
SBA process based on the lack of the protruding lines and the DSR in our results.
To explain the observation of reduced EC in SBA process, we first need to com-
pare it to the thermal condition in the traditional pulsed laser process, and secondly
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Figure 6.7: Planar view TEM images of 100 nm dehydrogenated PECVD a-Si films
single-shot irradiated (excimer laser with FWHM 30 ns Gaussian like temporal profile)
at various energy densities: (1) 90 mJ/cm2, (b) 109 mJ/cm2, (c) 134 mJ/cm2, (d)
171 mJ/cm2 , (e) 222 mJ/cm2, (f) 238 mJ/cm2. Complete melting threshold is 270
mJ/cm2 [8]. The explosive crystallization area is manifested as a disk-shaped region
with a defective core area.
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Figure 6.8: AFM images of 100nm dehydrogenated PECVD a-Si films single-shot
irradiated (excimer laser with FWHM 30 ns Gaussian like temporal profile) at various
energy densities: (a) 108 mJ/cm2, (b) 150 mJ/cm2, (c) 222 mJ/cm2, (d) 238 mJ/cm2.
Complete melting threshold is 270 mJ/cm2 [8]. The EC area is manifested as a
disk-shaped region with a smooth surface core area at low energy densities when no
substantial re-melting has happened.
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understand and explain it from the thermodynamic and kinetic perspective of EC.
As the 1-D numerical thermal analysis results suggest, there can be some short-lived
transient melting and solidification before the primary melting and solidification cycle
takes place in the SBA process. The transient melting and solidification associated
with the sub-nanosecond pulse involves a rapid quench (cooling rates around tens of
billions of degrees per second around two orders of magnitude higher than those ob-
tained with an excimer laser pulse) as well as the prompt termination of the melting
propagation. Thus the self-sustained EC propagation has to be reduced due to the
rapid change of the surrounding thermal environment.
To further validate the idea that the thermal spikes are the likely cause for reduced
EC, we provide the SBA results obtained from an very long dwell time with highly
reduced thermal spikes. Figure 6.9 shows the TEM image of the spot-scanned area
of SBA process with a temporal profile of 667 ns (FWHM) dwell time. The line edge
has long, narrow parallel (feathery needle-like) grains indicating that an extensive
lateral propagation of EC has taken place. Such a microstructure is not observed in
the SBA process with a temporal profile of 133 ns (FWHM) dwell time, presented in
this chapter’s results section.
6.6 Summary
This chapter presented the results of a-Si film crystallization generated for the first
time by an irradiation with discrete temporal profile. The results are consistent with
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Figure 6.9: The bright-field TEM image of the single spot-scanned area of SBA with a
temporal profile of 667 ns (FWHM) dwell time. This temporal profile has less thermal
spikes than the case of 133 ns dwell time, and the edge of the single spot-scanned
area shows extensive lateral explosive crystallization.
our understanding from 1-D thermal and Gaussian beam analyses. The findings show
spot-scanned regions with the expected variation in grain size, all entirely consistent
with well-established excimer laser irradiation results.
The new observation we made from this set of single scan-experiments is the
reduced manifestation of EC particularly on the edges of the Gaussian beam crystal-
lized region. Through comparison with the excimer/pulsed laser irradiation results,
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we point out that the EC reduction most likely results from thermal-spike-induced
rapid cooling rates that leads to prompt and early quenching of EC. This in turn gen-
erates more uniform fine-grained material, which is desired for eventually obtaining
uniform p-Si after the full SBA processing of a-Si films.
To reinforce the idea that thermal spikes are responsible for reduced EC, we
demonstrated an extensive lateral EC resulting from an SBA process with signifi-
cantly reduced thermal spikes (resulting from much longer dwell time). Along this
line of thought, we note that the flexibility of SBA system also provides us with
an opportunity to thermally engineer the temporal profile to manipulate the phase
transformation behavior to target material with desired microstructure.
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Chapter 7
Partial Melting of Planarized
Columnar p-Si Films
7.1 Abstract
This chapter presents and compares the experimental results obtained from a single
melting-and-solidification cycle of planarized columnar-grained p-Si films under (1)
single excimer-laser shot and (2) SBA single-scan exposure. These experiments, on
one hand, complement a-Si crystallization for understanding ELA and SBA and as
a results are critical for understanding partial-melting of columnar-grained p-Si for
multiple shot/scan irradiated crystallization processes. On the other hand, the re-
sults provide direct and scientifically meaningful experimental evidence regarding how
melting transition initiates and propagates in polycrystalline materials. As far as the
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ELA method is concerned, the results definitively prove that the grain-boundary-
initiated 2-D melting takes place, and that this must largely be associated with
a prompt melting initiation at the grain boundary vertices, junctions, and planes.
Atomic force microscope (AFM) examination of the spot-scan exposed samples reveal
that, in contrast to the excimer laser irradiated samples, a clear surface melting of the
interior of the grains has taken place. Based on both thermal and transformation-
related considerations, we conclude that this was caused by thermal fluctuations
leading to excessive superheating, particularly at the surface of the film.
7.2 Introduction
In the previous chapter on spot-scanned crystallization of a-Si films, the single-scan
exposure of the a-Si was performed and analyzed to understand melt-mediated con-
version of a-Si to c-Si, the inevitable first step in laser crystallization processes. This
chapter presents the melting study involving single-scan irradiation of planarized
columnar-grained p-Si. Note that much of the laser annealing precisely involves par-
tial melting and solidification of columnar grained p-Si films (e.g. in the case of a 20
shots ELA process and equivalent multiple-scan SBA process). Using planarized p-Si
films prepared via ELA, we examine the intrinsic behavior regarding initiation and
and propagation of liquid within the films. This is a general topic that has long been
of interest in the field of materials science [86,87].
The experimental investigation on the topic involving laser annealing has been
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notoriously difficult. The first challenge is the nature of the ultra-short and transient
process: a single melting-and-solidification cycle takes less than one microsecond. Pre-
viously, relevant experimental work employed transient reflectance (TR) technique to
study melting of p-Si [77], relying on the optical reflectivity difference between liquid
and Solid Si films to collect information about the nature of melting. However, the
TR technique is more suitable for the detection of substantial amount of Si film melt-
ing under high power laser irradiation, and is essentially incapable of differentiating
minute amounts of localized melting information. The second challenge for the inves-
tigation involves the participation of laser-induced periodic surface structure (LIPSS)
phenomenon; a non-planar surface, in the form of protrusions on the surface of laser-
annealed p-Si films, leads to creation of hot and cold spots on the Si surface during
laser irradiation. Such nonisothermal environment makes it impossible to decouple if
the melt process is being triggered by intrinsic material factors like defect, or from
the non-uniform energy deposition due to surface interference and scattering.
In this chapter, we present a novel method for examining the intrinsic melting
behavior of columnar-grained p-Si films. To address the aforementioned problems,
the ultra-high resolution AFM analysis of single shot/scan irradiated planarized p-Si
film is employed. The method enables us to detect the melting initiation location
and subsequent liquid-solid interface propagation behavior following the ultra-short
transient melting and solidification cycle.
The results in this chapter are meaningful for two reasons: (1) they provide an
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experimental evidence to substantiate the conclusions that were extracted from 1-D
thermal and Gaussian beam analyses, and (2) they support our understanding and




In order to overcome the challenges and understand the intrinsic melting behavior,
the experiments are designed to examine the degree and the extent of melting tran-
spiring in the material. The “ideal” Si film for the melting experiments are obtained
from an industrial-grade ELA system containing reasonably sized and uniform colum-
nar grains. Chemical mechanical polishing (CMP) technique is used to thoroughly
remove the surface protrusions (LIPSS) and flatten the Si surface to within 2 nm peak
to valley roughness. The flattened surface allows uniform laser energy deposition, as
the hot spots from the surface protrusion scattering are removed. Figure 7.1 shows
a typical ELA-processed Si film featuring periodic surface protrusions at the grain
boundaries; this is in contrast to the even and flat surface produced by the CMP
process. In particular, CMP does not preferentially remove more grain boundaries
compared to the traditional etching methods. Finally, the characterization of the irra-
diated material using AFM is able to detect small surface protrusions distinguishable
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from the original flat surface.
7.3.2 Overall irradiation procedure
The single scan/shot irradiation was carried out using excimer laser irradiation and
SBA’s single spot-beam scanning. In the excimer laser experiment, the complete
melting threshold (CMT) was first determined by examining the sample under an
optical microscope (OM) for solid nucleation Subsequently, the irradiation energy was
varied (from CMT) in order to induce different extent of melting of Si film until no
surface morphology change can be observed using AFM. In SBA spot-beam scanning
experiment, the most important parameter is the power level variation, including
baseline power level, ±0.5%, ±1%, ±2%, ±5% higher and lower from the baseline
value. The rest of the SBA spot-beam scanning parameters can be found in chapter
6.
7.3.3 Sample preparation
The 50 nm thick p-Si films were prepared by 20 shots per area ELA process with
an average grain size around 308 nm and uniform throughout a 10 cm by 10 cm
sample area. The p-Si films were subsequently processed by CMP to remove surface
protrusions with the film thickness reduced to 40 nm. Figure 7.1 (a) shows the
ELA processed Si film containing predominantly surface protrusions with 40 nm in
height and periodicity around 308 nm, while (b) shows that after the CMP process
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the protrusions are removed, leaving a flattened surface with ± 2 nm peak to valley
roughness.
Figure 7.1: 3-D AFM images of (a) ELA processed p-Si film without CMP process,
(b) ELA processed p-Si after CMP process. Before the CMP process, the Si film has
surface protrusions of 40 nm averaged height. After the CMP process, the surface
has ±2 nm peak to valley surface roughness.
7.4 Results
Figure 7.2 shows the excimer laser single shot irradiated CMP p-Si film at three en-
ergy densities. Overall, the AFM images clearly show that the p-Si surfaces have
manifested the grain shape after the laser irradiation by extensive preferential melt-
ing of grain boundaries at all energy densities. The increase of the height range of
the generated surface roughness at higher energy densities indicates the increasing
degree of melting. Deflection image at 0.75 CMT shows predominately melting at
grain vertices and partial melting at grain boundaries, indicated by the disconnected
protrusion point at the grain vertices. Deflection image at 0.8 CMT shows complete
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melting of grain vertices and grain boundaries, indicated by the protrusion lines at
grain boundaries connecting the protrusion points at the grain vertices. Deflection
image at 0.92 CMT shows the melting front propagates from grain boundaries to
the center of the grains. The unmelted solid is the flat surface at the grain center
and the molten pool caused the grooves between the edge of the flat surface and the
protrusion lines at the grain boundary.
Figure 7.2: The AFM height (top) and deflection (bottom) images of excimer laser
single shot irradiated CMP p-Si at (a) 0.92, (b) 0.8, and (c) 0.75 CMT. The AFM
height images of 0.92, 0.8, and 0.75 CMT have a height range of 60. 5, 40.3, and 29.3
nm. The size of the AFM images is 5 µm × 5 µm.
Figure 7.3 shows AFM images of SBA single spot-scanned CMP p-Si at three
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power levels. Overall, the AFM images suggest the surface roughness has reemerged
after laser irradiation and the width of the roughened linear region increases with
power levels. The height images show the baseline power level has the highest surface
protrusion, and the protrusion height increases from the edges to the center of the
“line” beam. At the edges of the “line” beam, the deflection images show primary
melting at the grain vertices and grain boundaries as well as some intra-grain melting,
indicated by protrusions points inside the grains. As the energy density increases
towards the center of the “line” beam, we observe pervasive intra-grain surface melting
as shown by surface undulation over the entire intra-grain surface area.
7.5 Discussion
Let us begin discussing how melting creates different surface morphology and how
each morphology is related to different melting scenarios. Surface protrusions form
due to the volumetric density differences between liquid Si and solid Si, which causes
the protrusion to form at the last places to solidify. Figure 7.4 illustrates different
surface morphologies characteristic to the as-is ELA material and the ELA material
irradiated after CMP processing. Specifically, Figure 7.4 (c) represents the full grain
boundary melting (a requirement for microstructure evolution in ELA and SBA) and
the dip of the liquid Si area is due to the volumetric density difference between liquid
and solid Si. In Figure 7.4 (d), three morphologies need to be pointed out: (1) the
unmelted intra-grain surface remains flat, (2) the protrusion line (or a protrusion in
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Figure 7.3: The AFM height (top) and deflection (bottom) images of SBA spot-
scanned CMP p-Si at (a) -5%, (b) baseline, and (c) +5% power levels. The size of
the AFM images is 10 µm × 10 µm.
2-D side view) is the last place to solidify and (3) the grooves, in between, resulting
from mass conservation for protrusion formation.
7.5.1 Spot-scan-induced melting of planarized p-Si films
The most obvious observation we need to recognize is that the spot-scanned CMP p-Si
has the line width of 6 µm, which is shorter than 9 µm line width from spot-scanned
a-Si, both at the same baseline power level. The difference between the line widths
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Figure 7.4: A general schematic diagram (side-view) showing how CMP p-Si film
melts and solidifies. (a) As-is ELA generated p-Si with protrusions at the grain
boundaries, (b) CMP processed p-Si with a flattened surface, (c) p-Si during melting,
gray color represents l-Si, (d) solidified Si film with a new protrusion and a groove at
and near the boundary boundary. The dashed line is the melt front depicted between
the unmelted intra-grain surface and the groove from the AFM images.
are predominantly caused by the 200 K melting temperature difference between a-Si
and c-Si, given negligible changes in other physical properties (e.g., reflectivity, heat
capacity, absorption, etc.).
Secondly, we notice that the extent of melting gradually increases from the edge to
the center, which aligns with the finding that the spot-scanned area closely resembles
the result of a “line” beam irradiation with a Gaussian spatial profile. It is important
to reiterate the two important melting thresholds, the complete melting threshold
(CMT) and the full grain boundary melting threshold (FGBMT): the CMT is defined
as the energy density where the solid nucleation is triggered in the molten zone and
the FGBMT is defined where the grain boundaries are melted through from the Si
surface to the substrate. In connection with the Gaussian beam analysis results (refer
to chapter 5), the CMT is the upper limit for Gaussian beam irradiation without
introducing stochastic nucleation grains and FGBMT is the lower limit for effective
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microstructure evolution via grain boundary movement. No complete melting of the
grains and nucleation has been observed at the center of the “line” molten zone
indicating that the highest power level, 5%, has not yet reached the CMT nor super
lateral growth (SLG). The FGBMT is manifested when the protrusion lines and
grooves are formed along the entire grain boundary.
Additionally, the results provide the opportunity to examine the relationship be-
tween the line width and the power level, shown in Figure 7.5. The measurements
are taken repeatedly from the AFM height images with the line width being deter-
mined by observing where protrusions start to form at grain vertices. The shape of
the line width curve aligns with the analysis from Gaussian line width distribution
versus operating energy values (figure 5.5 (b)). Both the experimental and numerical
Gaussian beam line width analyses, are helpful for determining the line-to-line pitch
size for an effective multiple-scan SBA process.
7.5.2 Excimer-pulse-induced melting of planarized p-Si films
Studies have previously concluded that 2-D melting behavior is caused by preferential
melting at the grain boundary when ELA material is irradiated by an excimer laser
[46], but the exact liquid initiation location cannot be detected using the TR technique
employed on those studies.
The technique presented in this chapter provides direct experimental evidence
to validate the 2-D melting model and further reveals the liquid initiation location.
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Figure 7.5: The width of the roughened linear region of SBA single spot-scanned
CMP p-Si (measured from AFM height images). The averaged line width is 6 µm
narrower than the 9 µm line width of spot-scanned a-Si.
Figure 7.6 shows the AFM image taken at the edge of the beam irradiated area, where
the beam gradually dies out to be below the partial melting threshold. The AFM
image suggests the liquid initiates at grain vertices, propagating to the grain junctions
where the liquid layer connects the two adjacent vertices. Finally, the liquid melt
front moves toward the grain center. On the one hand, the finding of liquid initiation
location confirms and complements the ELA process’s 2-D melting model deduced
from the transient reflectance data. On the other hand, the experimental evidence
reveals that, more specifically and as expected, the liquid phase preferentially appears
locally at the high excess free energy sites.
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Figure 7.6: The AFM (a) height, and (b) deflection images of p-Si film irradiated
by single shot of excimer laser. The AFM image was taken at the edge of the beam
irradiated area. The size of the AFM image is 5 µm × 5 µm.
7.5.3 Intra-grain melting in spot-scan melted Si films
After recognizing the similarities in the two irradiation cases (ELA and SBA), let
us focus on discussing the apparent difference observed with respect to the surface
melting of intra-grain regions. Figure 7.7 shows the magnified AFM deflection images
of three different melting scenarios observed in two irradiation experiments. The first
melting scenario (Figure 7.7 (a)) is the melting initiation at a low energy density.
Here, spot-scanned grains exhibit intra-grain protrusions, indicating that multiple
molten zones have been created during melting whereas only grain vertices have been
melted in the excimer laser case. The second melting scenario (Figure 7.7 (b)) is
the melting propagation at a medium energy density. Here spot-scanned grains have
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a few intra-grain protrusions in a dome shape indicating that the surface has gone
through more extensive melting. In the case of the excimer laser, the intra-grain
surfaces remain flat and are surrounded by grooves, which suggests that the intra-
grain surface remained unmelted and the melting propagates from the grain boundary
only. The last melting scenario (Figure 7.7 (c)) is at a high energy density where in
both cases a large fraction of the grain has been melted. In the spot-scanned case,
the intra-grain surface features an overall surface undulation (instead of distinct and
sharp protrusions), indicating that the surface has completely melted, but the solid
remained at the substrate side. In contrast, the excimer laser irradiated grains still
exhibit smaller isolated flat islands where the surface remained unmelted.
To summarize, spot-scanned Si films experience more extensive intra-grain melting
at all energy densities compared to the excimer irradiated Si films. The reason for
such observation must be the thermal spikes in the spot-scanned case, as that is
essentially the only primary experimental difference. The exact melting mechanism
and kinetic pathway are yet to be sorted out. Given that no significant intra-grain
defects have been observed from orientation analysis of SBA p-Si, we hypothesize that
the melting could have started by either liquid nucleation or catastrophic melting at a
deterministic temperature well above the bulk melting temperature [88]. Regardless
of the exact kinetic pathway, intra-grain melting initiation probability is positively
correlated with the surface temperature. In the spot-scan case, the relatively high
surface temperature is induced by the thermal spike.
130
Figure 7.7: AFM deflection images of spot-scanned CMP Si films at (a) edge, (b)
near-edge, (c) center of the “line” molten zone and excimer laser irradiated CMP Si




This chapter presented a novel experimental technique combining a planarized columnar-
grained p-Si and high-resolution location-controlled AFM to study the intrinsic melt-
ing behavior. The p-Si melting study demonstrate the two operating energy con-
straints: staying below the complete melting threshold (which in SBA can be higher
than in the ELA process), and the molten zone width needs to be optimized according
to the full grain boundary melting threshold.
The experimental results validate the 2-D melting model and provide direct obser-
vation of melting initiation at grain-vertices and lateral melt font propagation from
grain boundaries. Additionally, the SBA spot-scanned experimental results show ex-
tensive intra-grain surface melting attributed to the thermal spikes induced surface
superheating. However, we note how the extensive surface melting may not neces-
sarily represent the actual melting scenario under the SBA process, where the laser
energy deposition profile exhibits hot spots from pre-existing surface protrusions.
The thermal spikes can be reduced (thermal engineering), by optimizing the com-
bination of the frequency, dwell time, and pulse width, as discussed in the 1-D nu-
merical thermal analysis chapter. Additional details of surface melting mechanisms




SBA of Si films
8.1 Abstract
In this chapter, we present the SBA results obtained from a recently constructed SBA
system. SBA-generated p-Si films were first characterized using various microscopy
techniques (optical microscopy (OM), atomic force microscopy (AFM), and transmis-
sion electron microscopy (TEM)). The microscopic images were then examined and
quantitatively analyzed to enable rigorous comparison with ELA generated p-Si films
(which were obtained using manufacturing-level ELA systems). The results suggest
that the SBA process is evidently capable of producing ELA-like p-Si films. In partic-
ular, when properly executed, the SBA-generated p-Si films exhibit the ELA signature
microstructure, which consists of highly ordered grains with a tight size distribution
around the laser wavelength. Additionally, we also identify and discuss a distinct
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material characteristic which has not been observed in any laser-crystallization pro-
cess generated p-Si films. Namely, the SBA-generated p-Si films exhibited enhanced
ordering in the material as manifested by the remarkable presence of highly parallel
ridges (HPR). The periodic surface height (i.e., average local film thickness) variation
with a characteristic spacing of ∼2 µm were observed with the ridges running parallel
to the sample translation direction. We identify the formation of HPR as at least
involving coordinated local-pattern formation taking place at the leading crystalliza-
tion edge of the narrowly configured Gaussian beam. Based on this interpretation,
we consider the HPR microstructure as a yet another SBA option that demonstrates
the flexibility and expandability of the SBA process regarding both the process and
the resulting material.
8.2 SBA Method
8.2.1 SBA: Overlapped raster scan of Si films
The experimental results were obtained via the setup described in the chapter 6. In
this chapter, we present the data from experiments in which the system was utilized to
perform line to line overlapped scanning, referred to as the multi-scan or overlapped
raster scan process. The line-to-line pitch is the distance translation between each
line scanned area, as illustrated in Figure 8.1.
As the first set of crystallization experiments by SBA process, there are three
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Figure 8.1: Schematic diagram of a pitch size between two Gaussian line scans.
major parameters that were investigated: power level, line pitch and dwell time vari-
ations. The baseline power level is established by the oblique-illumination and ob-
servation method [6]. The operating power was deviated from the baseline, including
±0.5%, ±1%, ±2%, ±5% higher and lower. For the line pitch variation, the baseline
pitch was 0.15 µm, later varied ± 20% from the base value. The last parameter,
dwell time, is varied from 130 ns (baseline value) to 190 ns. Note that, for any one
set of the parametric experiment, only one parameter is varied while the other two
parameters are held at the baseline value.
8.2.2 Material Characterization Methods
To characterize the SBA-crystallization Si films, four microscopy characterization
techniques are used. Optical microscope is used to observe the large-scale macroscopic
surface morphology. Atomic force microscope (AFM) is used to quantitatively ana-
lyze the micrometer scale surface morphology with height and deflection information.
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Transmission electron microscope (TEM) is used to analyze the microstructure in the
p-Si thin film with grain boundaries lightly etched by the secco etchant to enhance
the grain boundary contrast before TEM imaging. Finally, an electron microscopy
technique called ASTAR (automatic crystal orientation and phase mapping) is used
for the first time to unlock the orientation information of p-Si with sub-micrometer
sized-grains and ultra-thin layer (50 nm thickness); such detailed crystallographic data
cannot be resolved under the traditional EBSD (electron backscattering diffraction)
microscopy.
8.2.3 Microstructure Analysis Method
We employ a rigorous microstructure analysis method, developed within our research
group [89], to extract grain-boundary-related information from the bright-field TEM
image. The bright field TEM images we obtain have an enhanced grain boundary
visual clarity due to (1) the boundaries being lightly and selectively etched before
TEM imaging, and (2) the electron beam being intentionally defocused in order to
accentuate the visual contrast of the grain boundaries during the TEM imaging.
This TEM technique enables the subsequent grain boundary identification possible
(performed using the watershed method developed recently within our group [89]).
The image obtained using the extracted grain boundaries is shown in Figure 8.2, (for
this particular sample, the crystallized film was chemically and mechanically polished
to remove surface morphology to demonstrate grain boundary extraction). The grain
136
size distribution is then obtained by taking the square root of the grain area (the Si
film contains columnar grains).
8.3 Results
In this section we primarily focus on the results from the Si films that are irradiated
at +2% power level. We want to call the attention to this specific parametric combi-
nation to stress on its unique yet expected phenomenon that is well captured by this
set of experiments.
Figure 8.3 shows the bright field optical image of the Si film processed by SBA
+2% power level. The optical image reveals the large scale surface morphology: highly
paralleled ridges (HPR). The observation of dark lines under the optical microscope
is due to the light scattering of the surface protrusions, taller ones packed together
in the structures referred to as ridges. We want to point out that the spot overlap
scanning direction is perpendicular to the dark parallel lines whereas the line overlap
scanning direction is parallel to the dark lines. Those parallel ridges are closely spaced
at, around 2 µm apart: such highly paralleled ridges have, to our knowledge, not been
previously observed in other laser crystallized films.
Figure 8.4 shows the AFM height image of Si film processed by multi-scan SBA
+2% power level. The highly parallel dark ridges in the optical images are the bright
lines in the AFM height images. The spacing between the parallel ridges are around
1.91±0.4 µm. The surface protrusions on the HPR are the laser-induced periodic
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Figure 8.2: Illustration of grain boundary extraction from a bright-field TEM images.
(a) Typical bright field TEM image of p-Si film with enhanced grain boundary visu-
alization when grain boundaries are slightly etched. (b) Grain boundary extraction
from the TEM image with ∼99% accuracy.
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Figure 8.3: The bright-field optical image of Si film processed by SBA +2% power
level. The surface morphology consists of well-defined, closely spaced, and nearly
perfectly parallel ridges. Such morphology has not been observed previously in any
other laser-crystallized Si material.
surface structures (LIPSS) with 355 nm periodicity. Figure 8.5 shows the bright-field
TEM image of a Si film processed by multi-scan SBA +2% power level. We want
to point out two observations. The first one is that the HPR, which are shown in
the optical and AFM images, are also manifested in the TEM image as the broad
linear region slightly darker than the rest. In this TEM imaging method, the contrast
difference in the bright field TEM image is caused by the TEM sample thickness. The
HPR area appears as being darker under TEM, indicating that the ridge areas are
thicker than the valley areas. The second observation is that the microstructure within
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Figure 8.4: The AFM height image of a SBA-generated Si film processed at +2%
power level. The HPRs appear as broad bright lines in the AFM height image. The
highly ordered ridges individual laser0induced surface protrusions with the ∼355 nm
periodicity, can be discerned.
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the HPR areas is more ordered with a square-like grains, whereas the valley areas
contain less ordered microstructure consisting of grains with more random shapes
and sizes.
Figure 8.5: The bright-field TEM image of a Si film processed by multi-scan SBA at
+2% power level. The HPR areas (identified in these images as corresponding to the
dark regions that run parallel to each other) contain highly ordered microstructure
with a square-like grain shape.
To further analyze the microstructure information contained in the bright-field
TEM images and elucidate the correlation between the power level and the grain size
distribution, the grain boundary information is extracted and grain size distributions
of four power levels are plotted and compared in Figure 8.6. As the power level
increases, the average grain size approaches but does not exceed the 355 nm wave-
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length line, which can be seen as a “soft-ceiling”, for power levels at the baseline,
+1% and +2%. At the +5% power level the average grain size goes over the “soft
ceiling” and the distribution spreads widely. Figure 8.7 shows the average grain size
and the standard deviation of the distributions. For the power level at the baseline,
+1% and +2% the average grain size increases but does not exceed 355 nm, while
the standard deviation barely increases. This is in contrast to +5% power, where
significant increase happens in both in average grain size and standard deviation.
8.4 Discussion
First, let us begin by discussing the observation that the SBA process yields an ELA-
like material with uniform microstructure and average grain size around 355 nm. This
observation is expected because SBA with a discrete temporal profile can create an
ELA-like thermal environment: SBA’s dwell time is ∼130 ns, similar to ELA’s total
pulse duration and the pitch size (∼0.15 µm). The results also largely eliminates
a previous concern regarding the thermal spikes, which, in this case, did not seem
to lead to pervasive intra-grain melting (verified by the fact that SBA is capable of
generating ELA-like squarish and ordered microstructures). In this section, we focus
on the microscopic level uniformity, while the macroscopic level details are under
investigation using a new method called two-dimensional mapping analysis [90].
In the subsequent discussion section, we first quantitatively evaluate the similar-
ities and the differences between SBA and ELA material. Secondly, we discuss the
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Figure 8.6: Grain size distribution profiles corresponding to four power levels (base-
line, +1%, +2%, +5%). At lower power level (baseline baseline, +1%, and +2%) , the
average grain distribution approaches but does not exceed the wavelength, marked
by the red dashed line. At high power level, +5%, the average grain size exceeds the
wavelength line and the distribution becomes more spread out.
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Figure 8.7: (a) Mean grain size (b) Standard deviation of grain size distribution
(GSD) of p-Si processed by multi-scan SBA at baseline, +1%, +2% and +5% power
levels.
possible correlation of the two important observations more regarding the SBA p-Si
material: the HPR and the highly ordered microstructure. In particular, how those
two phenomena are not identical but fundamentally related to the observation found
in the ELA material. Finally, we point out and discuss the reduction of nucleation
events during the small spot beam annealing compared to large area beam annealing.
8.4.1 SBA and ELA Comparison
First and foremost, we would like to note that ELA process is a long-investigated,
firmly established, and well-developed crystallization technology. A particularly note-
worthy point regarding ELA is that the method has successfully established itself
during the past 10 years as the standard procedure for manufacturing mobile OLED
displays. One of the advantages of ELA process is that it produces polycrystalline
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material with relatively ordered, uniform and reasonably large-sized silicon grains.
Therefore, achieving ELA-like microstructure is not a trivial task, given that the
ELA process was being optimized and improved for the past ∼25 years.
We start by comparing the microstructure of the typical 20 shot ELA material
with the SBA +2% power level material. Figure 8.8 shows the bright-field TEM
image of a Si film processed by 20 shot ELA and SBA at +2% power level. The SBA
sample was CMPed before TEM imaging to remove the surface undulation so that
the electron beam can be better focused on the grain boundaries and the resulting
image can have uniform contrast to compare with the ELA image.
Figure 8.8: Bright-field TEM image of Si film processed by (a) 20 shots ELA, (b)
SBA +2% power level. Note the SBA sample was chemical-mechanically polished to
remove the surface undulation before TEM imaging and ELA sample has no surface
smoothing.
Figure 8.9 shows the grain size distribution for the 20 shots ELA and SBA at
+2% power level, where they both have the average grain size around ∼322 nm and
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standard deviation around ∼144 nm. Both ELA and SBA material show a grain size
distribution that is approximately correlated with the wavelength of their respective
processing lasers, indicating that the laser beam is interfering with the scattered beam
on the material surface, creating hot spots and cold spots. It is worth pointing out
that only coherent radiation can interfere to create such hot and cold spots.
Figure 8.9: Grain size distribution of Si film processed by (a) 20 shots ELA (b) SBA
at +2% level.
Figure 8.10 shows the orientation map of Si films processed by ELA and SBA,
where no strong texture preference is observed for both materials. In thin Si films
the {100} is considered to be thermodynamically preferred with the lowest Si/SiO2
interfacial energy [7]. It is noteworthy that SBA can be made potentially to extend its
dwell time to create a thermal environment where enough time is given to reach a more
equilibrium condition to have much larger grains (and possibly a {100} dominated
surface). Such a material was previously obtained via the MPS process using a CW
green laser/incoherent-light source with an extended dwell time, between 55 µs to
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8 ms, and the resulting materials had average grain size on the order of several
micrometers [75].
Figure 8.10: ASTAR (TEM based orientation mapping analysis) of p-Si filmS pro-
cessed by (a) 20 shots ELA, and (b) SBA at baseline power level. Both ELA and
SBA processed Si films exhibit no preferential surface orientation.
8.4.2 Highly Parallel Ridges and Highly Ordered Microstruc-
ture
Despite of the aforementioned similarities in ELA and SBA. We have also found
subtle but potentially important differences. Here we discuss the observation that
is first made on the SBA-processed Si films: (1) macroscopically, the HPR, and (2)
microscopically, the highly ordered grains within the ridges. First we need to point out
that the surface ridges have been observed in ELA materials. However, the distinctive
parallel character of the ridges observed in SBA is unprecedented. Figure 8.11 shows
optical images of ELA and SBA material. The ridges on the ELA material are not as
straight and parallel compared to those from SBA, and exhibit a wavy shape, referred
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to as the “river” pattern. Previous studies of such laser-induced surface morphology
suggests that the periodicity of the ridges and the shape are related to the number
of laser irradiation cycles and Rayleigh instability [31, 91]. However, those findings
do not directly apply to partial-melting crystallization process of Si, where melting
and phase transformation are important contributing factors to the evolution of the
surface morphology.
We need to further distinguish the difference and correlation between the HPR
and highly ordered microstructure. Figure 8.12 present the AFM height analysis of
the Si film processed at SBA +2% power level. The height cross-section plot at slice
(1) indicates a significant height difference between the HPR and its surrounding
valleys. The height difference in the resulting material indicates that mass transport
must have happened during the multi-scan melt-mediated crystallization process. The
height slices along the ridge (2) and the valley (3) suggest a protrusion periodicity
close to the 355 nm laser wavelength within the ridge, whereas the valley area does
not display such a strong tendency for the periodicity.
Another way to examine the formation of HPR is to closely examine the area where
it starts and ends. Figure 8.13 shows the surface morphology of the start and the
end of the scan area of Si film processed by SBA +2% power level. The images show
that the formation of HPR requires a gradual transition period, compared to their
abrupt end at the end of scan area. During this initial transition period, the pattern
is formed and optimized locally as the beam raster-scans to create a partially melted
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Figure 8.11: (a) Dark field optical microscope image; (b) Polarized-light-microscopy
image; (c) Bright field optical microscope image of ELA-generated p-Si thin film; (d)
Bright field optical microscope image of SBA-generated p-Si thin film. The longitudi-
nal direction of the laser beam is in the vertical direction and the scanning direction is
in the horizontal direction. The images of ELA p-Si are from Van der Wilt et al. [6].
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Figure 8.12: The AFM height image of Si film processed by SBA +2% power level.
The dashed lines are the corresponding locations of the height slice plots on the right.
(1) is a cross-section of the parallel microstructure features; slice (2) is along a ridge;
slice (3) is along a valley.
zone. Whereas in the case of ELA process, this optimization and pattern formation
is global as the ELA uses a large area beam, 1.5 m by 0.4 mm. The observation of
the start of scan area implies that the pattern is formed due to an instability, and
the mass transport process must have happened simultaneously. Once the pattern is
formed, it is apparently stabilized, and the next scan line will continue the previously
formed patterns, propagating throughout the rest of the SBA process. The end of
scan image shows that as the power level drops, the parallel lines quickly dies out
afterwards, which also indicates that the HPR formation is sensitive to the power
level.
In addition, we investigate what processing parameters can affect the formation
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Figure 8.13: Surface morphology of start and end area of Si film processed by SBA
+2% power level. (a) AFM height image of the start of scan area where the HPRs
formation takes place gradually. (b) AFM height image of the end of scan area where
the parallel line splits into separate lines and fades out as the power drops; (c) Optical
image of the end of scan; (d) Optical image of the end of scan.
of the HPR. Here, the results from two processing parameters are compared: the
power level variation and the pitch size variation. Figure 8.14 shows the power level
has a significant impact on the formation of HPR. The optical images show that as
little as 1% decrease of power level below the optimum baseline leads to virtually
no formation of HPR. At 0.5% decrease of power level the area covered by HPR
is significantly reduced and the ridges appear less periodic and parallel. The TEM
image of -0.5% power level sample clearly shows the microstructure of the ridge and
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non-ridge area, where the HPR area consists of highly ordered microstructure and
the non-ridge area has small and non-uniform grains. the TEM image of -1% power
level sample shows the entire film consisting just of small and non-uniform grains, as
no ridge is formed.
Figure 8.14: (a) Optical image and (b) bright field TEM image of Si film processed
by SBA at -1% power level. (c) Optical image and (d) bright field TEM image of Si
film processed by SBA at -0.5% power level. The highly ordered microstructure is
associated with the HPR.
Figure 8.15 shows the results a of Si film processed by SBA process with ±20%
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pitch variation from the baseline value. The observation of HPR area appear similar
in both +20% and -20% pitch size results. Note that both show consistent results of
similar HPR areas. In comparison with the power level variation, at least in this set of
preliminary experiments, the pitch size appears to have less impact on the formation
of HPR. (Keep in mind that this is a very preliminary set of experiments, a more
through parametric sweep is needed to confirm the hypothesis.)
To summarize this discussion, we have observed a new macroscopic surface mor-
phology feature , namely the highly parallel ridges (HPR), associated with areas of
highly ordered microstructure. Note that the physical cause of this HPR formation
needs further investigation. However, it is already clear that the formation of HPR
is closely related for obtaining highly uniform square-shaped and ELA-like grains via
SBA. The study of HPR formation is also expected to give additional information
about a similar, yet not nearly as even and periodic “river pattern” encountered in
ELA.
8.4.3 Phase transformation differences between ELA and SBA
EC is an important phenomenon affecting the final microstructure of the material that
is processed by partial-melting mediated crystallization process. The EC-induced
non-uniform microstructure is the most apparent at low energy density where the
grains have not gone through substantial re-melting. However, no substantial EC is
observed in SBA Si films processed at low energy densities. Figure 8.16 shows the
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Figure 8.15: (a) Optical image and (c) bright field TEM image of Si film processed
by SBA at -20% pitch size, 0.12 µm. (b) Optical and (c) bright field TEM of Si
film processed by SBA at +20% pitch size, 0.18 µm. Similar surface morphology
and microstructure are observed in all pitch variation experiments, ±20%, ±10% and
±5% at the same power level.
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TEM image of Si film processed by SBA with a short dwell time, 133 ns, at -5%
power level, where no distinct non-uniform area usually caused by EC is observed.
This observation is consistently observed throughout all the low power SBA processed
Si films, and is in agreement with the spot-scanned a- Si results. We can conclude
that a certain degree of thermal spikes in the short dwell time of the SBA process can
help reduce the EC propagation by rapid cooling. This conclusion is also supported
by the fact that at long dwell times, where the SBA process (discrete temporal profile)
almost approaches a pulsed laser process (continuous temporal profile) with negligible
thermal spikes, the propagation of EC can be sustained.
The last difference between SBA and ELA process is the reduction in nucleated
grains at high power level owning to its small beam area and Gaussian beam profile.
Figure 8.17 shows the ELA grain size increases from a slight increase in the power
level. At the +3% power level TEM image, the non-uniform area with co-existing
small and large grains is the nucleation area. The nucleation events in this situation
are attributed to caused by two factors: (1) the molten zones are large enough such
that lateral crystallization cannot cover the entire area, and (2) the quenching rate is
high enough to increase the nucleation probability via deep supercooling of the liquid
in the completely melted region. In the case of SBA at +5% power level, shown
in Figure 8.18, the material shows overall large grains without such small nucleated
grains.
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Figure 8.16: Bright field TEM image of Si film processed by SBA with 133 ns dwell
time at -5% power level. No non-uniform area from explosive crystallization is ob-
served at low energy density.
8.5 Summary
This chapter presented a set of preliminary SBA-processed materials for the first time.
At optimal laser power levels the resulting material microstructure is shown to be
highly uniform with reasonably sized grains, exhibiting the characteristics of an ELA-
like material. The macroscopic surface morphology, HPR and their associated highly
ordered microstructure are observed for the first time though SBA process. Although
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Figure 8.17: Bright field TEM image of Si film processed by 20 shots ELA at four
power levels. The grain size increases with slight increase in power level. The +3%
power level TEM image shows a non-uniform area with small newly nucleated grains.
the exact underlying mechanism leading to this observation needs further experimen-
tal and theoretical investigations, the discussion and correlation of the observations
are generally applicable to laser-induced partial-melting crystallization methods. In
addition, the comparison between ELA and SBA power level variation results lead to
the conclusion that SBA exhibits reduced EC and solid nucleation during solidifica-
tion process, which makes SBA process more tolerant to process uncertainties such
as laser energy fluctuation even beyond the enhanced averaging small-beam effect.
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Figure 8.18: (a) Optical image, (b) Bright field TEM image of Si film under SBA





In this thesis, we have presented and demonstrated a new laser crystallization process
called spot-beam annealing (SBA). The SBA method creates a uniform Gaussian
“line” irradiation by rapid spot-overlapped scanning of a small spot beam. Line-
overlapped raster scanning of the beam is then achieved via incremental translation of
the sample (perpendicular to the rastering direction) leading to multiple irradiations
on the film needed for optimal partial-melting crystallization of thin Si films. As the
spot beam is overlap-scanned, the exposed region in the film is gradually heated up
by multiple temporally isolated and spatially translated pulses and undergoes one
primary melting-and-solidification cycle. The implementation of such a scheme was
unprecedented in the field of laser crystallization as doing so required, for the first
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time, an incorporation and utilization of various technical elements (e.g., ultra-violet
fiber laser, beam-scanner optics).
Building on the basic tenets of the SBA method, a state-of-the-art SBA system
was constructed (by a collaborating industrial partner), and preliminary results have
shown that mura-free OLED displays can already be fabricated using the standard
process developed for ELA (at a participating display manufacturer). Given that the
SBA technology is still in the incipient phase of its development and much of the
system- and process-related optimization remains yet to be implemented, the fact
that a mura-free display can already be fabricated suggests that: (1) the grains in
SBA-generated p-Si material are qualified in terms of both the uniformity and the
grain size at the device/microscopic-scale for manufacturing AMOLED displays; and
further that (2) the macroscopic/display-scale uniformity achievable with the cur-
rently available system-related equipment components is also sufficient; we attribute
such unprecedented success to the enhanced ”process-and-material” averaging effect
that drove the development of SBA in the first place.
Both numerical and experimental approaches were pursued in order to predict,
demonstrate, and decipher the SBA method. We performed the 1-D thermal numer-
ical analysis to demonstrate, at the thermally foundational level, the SBA process’s
flexibility from adjusting dwell time of the beam exposure. We also pointed out
that the thermal fluctuation associated with an isolated individual pulse can have
transformation-modification related benefits and drawbacks; we consider this as an
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additional processing element uniquely available to SBA, which can be leveraged for
providing a number of potential benefits that were not attainable using any previous
laser-crystallization methods.
In the Gaussian beam analysis chapter, we have numerically established the ho-
mogeneity of the spot-scanned “line” beam with the operating energy constraint
associated with different melting thresholds. Specifically, the maximum energy den-
sity of the line beam needs to be lower than the SBA-associated complete melting
threshold (which can be higher than that of the ELA process) and above the full
grain boundary melting threshold to achieve an effective microstructure evolution.
Additionally, three experimental results were presented: spot-scan of a-Si, spot-
scan of p-Si, and SBA process of Si films. The results obtained from spot-scan of a-Si
verified that a uniform indistinguishable “line” beam-like irradiation can be generated
by spot-scanning, while explosive crystallization (EC) is reduced due to the thermal
fluctuation-induced liquid layer quench.
The planarized p-Si experiment investigates the fundamental melting behaviors of
p-Si by examining the surface morphology changes detected in laser irradiated pla-
narized p-Si. The work presented can be considered as having scientific value indepen-
dent of its relevance to SBA; this method enables us to detect even a minute degree of
melting initiated at the grain/oxide-interface vertices and junctions and subsequent
propagation from the grain boundaries in columnar-grained p-Si films. The results
are envisioned to eventually aid in designing more effective SBA process schemes.
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The experiment involving irradiation with an excimer laser pulse validates our previ-
ous 2-D melting model as stemming from the intrinsic preferential melting behavior.
After irradiation with a spot-scan exposure, the AFM-detected surface morphology
results reveal that, at least for the planarized p-Si films, prominent intragrain surface
melting can also take place promptly even at lower energy densities. This observation
was attributed to the presence of thermal fluctuations that are caused specifically by
individual fiber laser pulses.
Finally, we presented SBA-processed Si films; these preliminary results were ob-
tained very recently from the first properly configured SBA experimental system.
We have analyzed the SBA-crystallized p-Si films using various characterization tech-
niques and quantitatively analyzed and rigorously compared the results with those
obtained from ELA-generated Si films. It is found that the SBA method can not only
generate uniform polycrystalline Si films consisting of ordered grains with tight grain-
size distribution around the beam wavelength, but it can furthermore be configured
to produce polycrystalline films with an enhanced level of ordering as manifested in
the films with a highly parallel ridge (HPR) pattern.
Based on our results and analysis, we conclude that the SBA method enables
the use of ultra-high-frequency low-pulse-energy short-pulse-duration lasers to read-
ily generate uniform and highly ordered polycrystalline Si films consisting of large-
columnar grains, which are deemed to be suitable for the manufacturing of advanced
high-resolution active-matrix displays (e.g., AMOLED).
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